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ABSTRACT

Reformulation of blended particulate materials has been always a problem for powder
industry because formulators have difficulty in measuring, controlling and/or modifying
the bulk flow properties of powders. A recently developed powder flow tester (PFT) by
The Wolfson Centre for Bulk Solids Handling Technology, University of Greenwich is
now available for industry to measure quickly and accurately the flow behaviour of

single and blended particulate materials.

This new powder flow tester helps to characterise quantitatively the blends which show
good flow behaviour in the industrial process lines and define the desirable standards
for blends with poor flow behaviour. However, the current process of reformulation is
basically a trial and error procedure based on the prior experience of the formulator
with other blends reformulated. There is clearly a lack of practical understanding of
the links between the particle and bulk scale of powders and how changes in the
particle properties and/or blend compositions would affect the flow behaviour of

blended powders.

The aim of this research work was to develop an “empirical understanding” of the links
between the particle properties and bulk flow properties in order to predict the bulk flow
properties of blended powders based on changes to the particle properties or blend
components. This has been achieved evaluating analytical well-established models
found in the literature linking particle and bulk scale for practical purposes in industry,
developing new empirical models to predict the flow behaviour of single and blended
powders based on the experimental work undertaken in this research and identifying
methods or techniques that formulators in industry could use to predict the flow

behaviour of their blended powders.

The solution provided is a test protocol which in combination with the standard
characterisation tests commonly used in industry and the prediction tool called Virtual
Powder Blending Laboratory (recently developed by The Wolfson Centre for Bulk
Solids Handling Technology using the experimental and modelling work undertaken in
this work) will help formulators and process engineers to formulate the composition of

blended powders with the desirable flow behaviour in industrial process lines.
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Chapter 1 Background

1.1 Introduction

The drive for the current project came from the launch of the Brookfield Powder Flow
Tester in 2010. This device was developed at The Wolfson Centre for Bulk Solids
Handling Technology, University of Greenwich, through a DEFRA sponsored project
in collaboration with the food industry. This Powder Flow Tester (PFT) allows industrial
users to quickly and accurately measure the flow properties of their materials for a
range of purposes from bench marking and quality control to assisting reformulation.
Now in a position to measure the flow properties using PFT, the industrial sponsors’
next question was “What can be done to modify the flow properties if the material is

judged to be too free flowing or too cohesive”.

This thesis describes a programme of work undertaken with industrial sponsors from
the food industry to further understanding of how to control or modify the flow properties
of blended powders. The drive for this from an industrial perspective is that processing
efficiency is often compromised by undesirable flow behaviour of materials that are too
free flowing resulting in uncontrolled flow of material through feeders or control valves
causing flooding problems and spillage; or too cohesive or ‘sticky’ so that they do not
flow from storage when required and build-up on conveyors rather than being
transported. Such flow problems affect production in all industries which use powders
and cause significant losses, reducing productivity and increasing the cost of the final
product (Peschl et al. 2001).

Controlling the flow behaviour of the powders would allow industry to use their existing
silos and hoppers more effectively, avoiding the high cost of replacing equipment that
will not discharge cohesive powders. For a powder producer, it may be a competitive
advantage to offer his customers a powder that flows with fewer problems than a
competitor’s product. In the pharmaceutical industries, it has in recent years become
common to use formulations that are cohesive rather than free flowing, in order to
reduce segregation of blend components in handling; but if the blends are too
cohesive, problems of poor flow arise in manufacturing instead. Thus the background
for this project is the industrial need for a technique that can be used to help formulators

of blended materials to quickly and economically come up with a material that flows
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acceptably. The following section gives an overview of how storage vessels work and

the common operational problems.

1.2  Common flow issues in industrial processes

Silos, hoppers, vessels, chutes, feeders and pneumatic conveying systems are
commonly used to store and transport tonnes of powders each year. Applications
range from large scale manufacturing processes handling 1000s tonnes of product per
hour, to small plant handling systems dosing minor ingredients at kilograms per hour.
Industries have been handling bulk solids for many years and suffering the same
common flow problems such as erratic flow, or no flow, due to arching or rat-holing of

cohesive materials or dust and segregation issues for free-flowing materials.

Jenike established in the 1960’s (Jenike et al. 1961 & 1964) a procedure for designing
solids handling equipment (hoppers, silos, bins and bunkers) for reliable gravity flow
based on measured flow properties of the powders. To develop this method, Jenike
first considered the discharge patterns developed in the hopper when the material was

flowing and secondly the forms of the flow obstruction when it ceased.
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All material in motion
during discharge

Flow from top of
static material

Static
material
Sliding on Discharge
wall of _ through
converging central "cora”
saction
a) Mass flow pattern b) Core flow pattern

Figure 1: The basic flow patterns defined by Jenike et al. a) Mass flow and b) Core
flow (The Wolfson Centre for Bulk Solids Handling Technology, University of

Greenwich, England)

Two basic flow patterns were defined by Jenike: mass flow and core flow (or funnel
flow) as shown in figure 1a & 1b respectively. In the case of mass flow, the entire bulk
solid is in motion at every point of the bin whenever the material is discharged from the
outlet. This regime gives a first-in first-out (FIFO) discharge but requires a converging
section with walls that are sufficiently steep and smooth to allow material flow at the

wall.

Core or funnel flow occurs when the material flows through the outlet in a channel
formed within the bulk solid itself. The material around the wall is stationary and new
material is fed into the flow channel from the top free surface which forms a drain down

angle of repose. This gives a first-in last-out (FILO) discharge regime.

For the flow obstructions, the most trivial case is that of a mechanical obstruction. This
occurs when the maximum patrticle size is large relative to the size of the hopper outlet.
If several large particles flow through the hopper together, they can interlock and form

a mechanical bridge across the outlet and prevent gravity discharge. To prevent this,
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experience has shown that the minimum diameter of the outlet must be at least 8-10
times the length of the largest size normally handled.

a) Mechanical arch b) Cohesive arch c) Cohesive Rat-hole

Figure 2: The three principal types of obstruction to flow a) Mechanical arch, b)
Cohesive arch & c) Cohesive rat-hole (The Wolfson Centre for Bulk Solids

Handling Technology, University of Greenwich, England)

The more complex problem that is to be considered here is that of cohesive strength
occurring as the particle size reduces to below approximately 100 microns or in the
presence of surface moisture. There are principally two different flow obstructions that
can occur: cohesive arch and cohesive rat-hole as shown in figure 1b and 1c
respectively. Cohesive arching is the flow limiting condition in a mass flow vessel and
is formed due to the strength acquired by the powder because of its consolidation
during storage. While arching can occur in a core flow bin, it is not the flow limitation
condition. As the outlet is increased, the arch will increase in height until it breaks
through to the top free surface forming a rat-hole. Rat-holing is characterised by a flow
channel above the outlet discharge and leaves a stationary internal structure. This

flow obstruction is the flow limiting condition in a core flow silo.

Segregation is defined as the demixing of a homogeneous mixture by differences in
size, density or shape (Williams et al. 1976 & Bridgwater et al. 1985). Wide size
distributions with a large difference in particle size have a high propensity for size

4
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segregation. Powders which are too free flowing may segregate and generate dust
causing problems such as flowing uncontrollably through the small clearances in

dosing equipment.

There are two principal mechanisms of segregation: rolling (surface effect) and air
induced. Rolling segregation occurs when material has a wide size distribution or a
large difference in particle size between components. When the material is loaded into
a vessel under gravity, the material forms a heap (angle of repose of the material).
Larger particles have more momentum and larger radius (giving less resistance to
rolling on the rough surface of the heap) so they roll further down the heap whereas
the fines tend to remain where they land. This leads to a radial segregation pattern as
shown in figure 3, where fines accumulate in the centre and the coarse around the
wall. When the vessel discharges, if it operates in core-flow, the high concentration of
fines in the centre of the vessel discharges first while the predominantly coarse material
around the walls comes out last. This segregation pattern is illustrated in figure 4 which
presents variation in the different size fractions through the complete discharge cycle
of a core flow silo. Note that it has been stated that below 100um particle size, the
tendency of surface segregation is very low because material becomes cohesive
(Williams et al. 1976 & Parsons et al. 1976).
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Fineg

Coarse
(]

Figure 3: Effect of rolling segregation during the process of filling a silo (The
Wolfson Centre for Bulk Solids Handling Technology, University of Greenwich,

England)

Discharge of segregated material
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Figure 4: Variation of the particle size fraction within discharge stream as a
function time, through the complete discharge cycle from a core flow vessel (The
Wolfson Centre for Bulk Solids Handling Technology, University of Greenwich,

England) For full explanation refer to the text

Air induced segregation occurs when material enters a confined space (silo chute) at

high velocity; either through a pneumatic conveying system or following gravity free fall
from a great height.

Here the air displaced by the flow stream separates the fine



PhD Thesis Background

particles typically those below 50 microns which remain suspended as a dust cloud
from the larger heavy particles that settle quickly. When these particles settle out, a
layer on the top of accumulated particles is formed; over a number of filling cycles this
generates stratified layers of fine particles. Figure 5 and 6 show the effect of radial
segregation arising from tangential pneumatic filling and lateral segregation arising

from perpendicular pneumatic filling respectively.

Figure 5: Effect of radial segregation arising from tangential pneumatic filling of a
silo (The Wolfson Centre for Bulk Solids Handling Technology, University of
Greenwich, England)
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Figure 6: Effect of lateral segregation arising from perpendicular pneumatic filling
of a silo (The Wolfson Centre for Bulk Solids Handling Technology, University of

Greenwich, England)

1.3 Problems in the blended food powder industry
The above hopper flow issues and dust problems with materials are commonplace in
the manufacturing and food industries, and cause significant stoppages and losses of

production in many plants that handles powders.

Many food powders are “engineered”, i.e. made from mixtures of materials blended or
co-processed to meet specified performance criteria, e.g. taste, texture, nutritional
values etc., and their manufacturing processes can be controlled to adjust these

parameters.

The flow properties can also be modified to suit the manufacturing process, but
historically this has not been subject to much quantitative or qualitative study. There
is a general lack of knowledge of how to select the best ingredients and additives to
use to adjust the flow properties, or how much should be needed to obtain a given

degree of flow property modification.

The flow behaviour of “engineered” powders affects the consistency of addition level
and hence consistency of colour, texture and strength of aroma and flavour of the
finished food product; poor flow causes irregular dosing, leading to variation between

individual items or portions.
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With powders applied by adhesion to snacks, the flow properties interact with their
adhesion properties, e.g. when the powder is too free flowing:

e The blend components can segregate during handling leading variations in the
taste, colour, etc.

e The flavour becomes dusty providing unpleasant working conditions,
particularly if the material is spicy and loss of product.

When the powder is too cohesive, the flavour particles tend to stick together and cannot
be dispersed evenly over the surface of the snack. Also, material tends to build-up on
the feed chutes and in hoppers leading to flow problems such as cohesive arching and

“rat-holing” causing a loss of product during industrial processes.

1.4 Current practice for new or modified blended powders

Addition of new ingredients to engineered food powders has been always a problem
for powder industry. Historically, a bag test was undertaken where the material was
shaken in a transparent bag and observed making a judgment based on whether it

was dusty or sticky.

Nowadays, the blends are evaluated initially based on sensory factors such as the
taste, aroma, colour and texture. Then the flow properties and the level of dust are
measured using a powder flow tester and a dustiness test-rig respectively; after that,
these are compared with existing flavours that are known to flow acceptably through
the manufacturing process with an acceptable dust level. If they are similar then a one
tonne batch is then manufactured for pilot scale industrial trials to assess flow reliability.

If the flow is considered unacceptable because it is significantly more cohesive or
significantly more free-flowing than the desired flowability, then a series of
reformulations are undertaken at a lab scale in order to try to bring the flow properties
into the required window so that pilot scale manufacturing trials can be undertaken. At
present this is very much a trial and error process based on the prior experience of the
formulator, using oil to increase cohesion if the powder is too free flowing or too dusty
and “free flow” additives to improve flow if it is too cohesive. If these modifications do
not work then changes in the base ingredients are made and the process is repeated.

On top of this there is also pressure from legislation to reduce ingredients such as salt
and monosodium glutamate which tend to be free flowing, to be replaced with materials

which are poorer flowing.
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1.5 Aim of the research

The aim of the project was to develop a practical understanding for the blended food
powder industry of how to control powder flowability; an “empirical understanding” of
the links between the particle properties (and single particle bond strength) and bulk
flow properties which would help formulators and process engineers to predict the bulk
flow properties of their single materials, or blended powders based on changes to the
particle properties or blend components.

The project was directed heavily to the food industry by virtual of the industrial sponsors
and DEFRA funding but the findings of the research have also been intended to be
used in other industry sectors with similar flow problems with powders, such as
pharmaceuticals, ceramics and powder metallurgy.

1.6 Programme objectives

The following objectives were proposed for this research programme:

1) To calibrate analytical well-established models found in the literature linking the
primary particles properties (and single particle bond strength) to the secondary
bulk flow properties. These high level models are calibrated empirically using a
limited number of bulk flow property tests considering simplifications for
practical use by the industrial partners.

2) To evaluate the applicability of these calibrated models to design powder
handling equipment and assess the flow behaviour of single powder ingredients
or “engineered” food powders in industrial processes.

3) To identify methods or techniques that process engineers could use to predict
the bulk flow properties of their single materials, or blended powders based on

changes to the particles properties or blend components.

1.7 Contributions to Knowledge

This project claims the following contributions to knowledge:

1. Understanding of the physics by which a variety of different additives to food
powder blends act to modify their flow properties as a result of their interactions
with commonly used ingredients.

2. Understanding the basics of how to select additional ingredients to give the best
balance of controlled and desirable flow properties in industrial processes.

10
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3. Development of new empirical particle to bulk scale models to predict the flow
properties of single and blended particulate materials in dry and wet condition
with and without free flow additives.

4. Development of a test protocol which in combination with the standard
characterisation tests commonly used in the powder industry and the prediction
tool called Virtual Powder Blending Laboratory (recently developed by The
Wolfson Centre for Bulk Solids Handling Technology) will help formulators and
process engineers to formulate the composition of blended powders with the

desirable flow behaviour in industrial process lines.

1.8 Project preview

This thesis is structured as follows:

Chapter 2 presents a broad survey of the literature relating to particle properties (size,
shape and texture), bulk solids properties (size and shape distribution, flow and
packing properties) and analytical models linking particle scale to bulk scale
considering packing structure, interparticle forces, liquid bridges and effect of free flow
additives.

Chapter 3 presents the tests undertaken to characterise the powders at particle and

bulk scale and the liquids used in this research.

Chapter 4 describes the methodology applied in the research and details of the
experimental work in this investigation to develop an empirical understanding of the

links between the particle and bulk flow properties of particulate materials.

Chapter 5 describes the calibration of the well-established analytical models found in

the literature linking the particle properties to bulk scale behaviour.

Chapter 6 presents and discusses the results obtained from the experimental work

undertaken at The Wolfson Centre and the industrial partners’ plants and laboratories.

Chapter 7 presents the evaluation of the analytical models calibrated empirically and

the discussion of the results obtained.

Chapter 8 presents the new empirical models developed in this research to predict the
bulk flow properties of single and blended powders in wet and dry condition with or

without free flow additives.

11
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Chapter 9 presents the test protocol developed in this research work to predict and
optimised the flow behaviour of blended powders.

Chapter 10 presents the conclusions of this research program and the further work

proposed to advance the findings from this investigation.

12
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Chapter 2 Literature Review

2.1 Introduction

Before commencing the review of the literature it is first useful to outline the key system
variables considered in the model as listed below. These variables have been broken
down into particle level, bulk level and agglomerate level as presented in figure 7. At
agglomerate level, it is considered that agglomerates have sufficient strength that they
will not break down during processing conditions and can thus be treated as a
conglomerate of particles. These different system variables at different scales provide
the structure of the literature discussed below.

PARTICLE SYSTEM BROKEN DOWN INTO DIFFERENT LEVELS

PARTICLE SCALE BULK SCALE
Particle size Size distribution
Particle shape Shape distribution
Particle texture Packing structure
(Surface roughness) (Voidage, particle contacts)
Particle structure Blend constituents
(Solid or porous) (Particle and material properties)
Material properties Moisture content
(Surface energy, density) (Concentration, liquid-solid interaction)

Flow agent content

AGGLOMERATE SCALE (Concentration, liquid interaction)

Particle structure Material properties

(Stable under process conditions) (Characteristic for blend ingredients)

Figure 7: System variables considered in the powder model.
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2.2  Particle property measurements

The characterisation of the particulates has significance in many industries due to its
influence on the behaviour of bulk solids. Particle size, shape, texture and structure

have a huge impact on the optimisation of the industrial processes.

2.2.1 Particle size and distribution

There are a wide range of systems to measure the size of the particulate such as
physical, optical and electromagnetic techniques. The selection of the measurement
system depends on the purpose of the size obtained and the accuracy needed.
Generally, a compromise has to be made in order to achieve the best measurement of
the particle size within the context of the purpose of the measurement.

It is not usual to measure the size of a single particle because it does not represent the
particle size distribution of the powder. Particle size distribution is defined as an

indication of the proportion of the sizes of the particles present in the sample measured.

A range of particle sizes is divided into separate intervals and the amount of particles
which exist in each interval is expressed in percentage values in a frequency
distribution. Cumulative distribution is also presented showing the percentage of a
specific size or below. The data of the particle size is presented as a histogram or as

a continuous distribution curve.

A common approach to define the distribution width is to cite three values on the axis,
the Do, Dso and Deo. The Dso is defined as the diameter where half of the amount of
particles lies below this value. 90% of the distribution lies below the Dgo and 10% lies
below Dio. It is essential to mention these values because if only Dso is considered,
fine and coarse particles of the sample could be omitted from consideration leading to

many flow problems such as segregation or stoppages.

Particles normally are irregular shapes and they are almost never a sphere or a cube.
Commonly, the indirect definition of the equivalent spherical diameter is used because
irregular particles have different dimensions and, therefore, the size is expressed as
the diameter of the equivalent circle or sphere which contains the irregular shape of
the particle (McGlinchey et al. 2005).

It means that, unless the particle shape is a sphere, the sizes of irregular shaped
particles measured by different techniques are not comparable because the principle
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of measurement differs. Therefore, when the size of a particle is stated, the method
and conditions used in the measurements must be specified (McGlinchey et al. 2005).

Direct methods of measurement can include sieving and microscopy. Static or electron
microscopes produce an image of the particles and a certain amount of information is
provided. This technique requires direct observation of the particles and the method
is simple, however, the sample analysed is often not representative. It may be possible
to identify the shape of the particle and powder blends could be analysed. The size
range goes from 1 um to 800 pm for optical microscopes and 1 nm to 15000 nm for

electron ones (McGlinchey et al. 2005).

Sieving is also a simple method which separates fine from coarse material by means
of a perforated sieve. The powder sample is shaken through a series of sieves in
decreasing aperture size. All mesh sizes are covered by international standards.
Fragile particles require wet sieving and the formation of agglomerates is a drawback
for fine particles. The size distribution is reported as the mass of retained particles on
the sieve size used. The size range goes from 20 um to 425 mm (McGlinchey et al.
2005).

Laser diffraction is another common technique to determine the particle size
distribution of powders. This method measures the angular variation in intensity of
light dispersed when a laser beam goes through a sample of a powder. Light is
scattered at small angles for large particles and at large angles for small particles
relatives to the laser beam. The particle size is described as a volume equivalent
sphere diameter (Malvern website).

Optical properties of the particles and the dispersant are required. The size range
goes from 0.01 to 3500 um. The main sources of error are the incorrect refractive

index and the instrument misalignments.

Sedimentation method by gravity or centrifugal force is not commonly used to measure
the particle size except in very fine particles. It is based on the transport phenomena
of particles utilising Stokes’ Law to correlate the particle size to the settling velocity. In
gravitational methods, the particle size is determined from the settling velocity and the
undersize fraction by changes on concentration in a settling suspension. Samples are
collecting from a sedimenting suspension at predetermined times. A centrifuge is

commonly used to reduce the sedimentation time (Sympatec website).
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From sedimentation data, size distributions can be calculated assuming that the
particles sink freely in the suspension and a volume concentration below 0.2% is
recommended. Adequate dispersion of the particles prior to a sedimentation analysis
is sometimes difficult, and hence, dispersing agents may be necessary (Sympatec
website). The size range goes from 10 to 1000 pm for gravitational method and 0.05

to 25 pm for centrifugal one (McGlinchey et al. 2005).

2.2.2 Particle density

Particle density of a single particle is the mass of the particle divided by the volume
occupied by the particle considering the pores on its surface. The average particle
density of powders can be calculated measuring the mass of a representative sample
material and dividing it by the volume occupied by the particles not including the voids

between them.

2.2.3 Particle shape

The measurement of the particle shape of the particles is not very common in industries
due to the complexity of its standardisation. Recently, a review and new methods of
characterisation and classification of the particle shape has been published in 2008 by
Blott et al. highlighting a number of techniques of which the favour approach (Benn et
al. 1993) is to draw a cuboid around the particle to determine the longest L,
intermediate | and the shortest S dimensions. The three extremes of the particle shape
as shown in figure 8 below are equant (spherical) particles where L = | = S, the platy
(flaky) particles where L =1 > S and the elongate (fibrous) particle where L >1=S. The
distinction between rounded and angular particles is determined by the angularity of
the particle by comparing the radius of the corners with the maximum diameter of the
particle. Sphericity is determined by comparing the surface area of a particle with the
surface area of a sphere of the same volume. These measurements are considered a

level of detail out of the scope of the research.
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Figure 8: Characterisation of particle shapes (Benn et al. 1993)

Shape analysis compares the contour of irregular particles with well-known shapes like
spheres or cubes for three-dimensional shape factors and circles or squares for two-
dimensional shape factors. Then, the shape of the irregular particles is characterized
based on simple methods like determination of the circularity and aspect ratio or
sophisticated methods such as the use of Fourier analysis. To-date, no shape factor

has been found applicable to all possible kind of shapes.

Researchers have been trying to find a better understanding of how to express the
particle shape. Different classifications to define the shape of irregular particles have
been proposed. To characterise this kind of particles, the average of length, breadth
and thickness was commonly used; these values depend on the volume and the shape
of the particles. For this reason, classifications based on roundness, angularity or

sphericity were also proposed by many researchers.

In 1930’s, Wadell et al. (1932, 1933 & 1935) published different articles highlighting
the importance of considering the roundness and sphericity to classify the shape of

irregular soil particles.
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In 1937, Heywood et al. developed a three-dimensional shape factor assessing the
irregular shapes of the particles. An expression of the volume shape factor was
proposed regarding the length, the breadth and the thickness of the irregular particles.
Two ratios were suggested: length to breadth (elongation shape factor) and breadth to

thickness (flatness shape factor).

The three-dimensional shape factor appealed to many researchers in 1960’s and was
used to characterize powders. A drawback of the shape factor proposed was the fact
that the more elongated the irregular particles are, the smaller breadth they have and,
therefore, the elongation shape factor tends to infinity. Kaye, Clark and Liu (Kaye et
al. 1992) tackled the issue and suggested that the shape factor would be the ratio of
breadth or width to length (chunkiness shape factor), and then, the values of the new

elongation shape factor proposed goes from zero to unit for very elongated patrticles.

2.2.4 Other particle properties

Particles properties such as surface area and pore size are important material
characteristics in many processing applications, affecting the surface available to

interact with surrounding fluids.

Sorption is a common method to measure the topography (surface area) and the
internal structure (size and shape of pores) of an assembly of particles. Physical
adsorption is a process in which a gas is brought into contact with a solid and part of it
accumulates over the surface of the solid. It is a surface phenomenon between the
adsorbate (molecules of liquid or gas) and the adsorbent (solid or liquid). Fine particles

have large surface area and therefore act as good adsorbents.

2.3 Bulk flow properties

The internal friction of the powders is an important bulk flow property to be measured.
Characteristic extreme values of the angle of internal friction for free flowing and very
cohesive powders are 30° and 70° respectively, going through values in this range for
easy-flowing and cohesive powders. The same tests used to measure the flow function

flow property are the tests which measure the internal friction of the powders.

Bulk density was another important bulk flow property to be measured in this research

work. Compression curves were used to study the changes of the bulk density in wet
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blended powders at different levels of moisture content and dry multi component

mixtures with different density ratios.

As mentioned in the introduction of the report, knowing the flow properties of a powder
is necessary to design bulk solid handling equipment for reliable flow. The relationship
between the consolidating stress and the strength generated by a solid is a
characteristic property of bulk solids and its measurement is essential for hopper and

silo designs.

The principle of this test is best illustrated by the uniaxial failure test or so-called “sand
castle test” (see figure 9). Firstly, a quantity of the bulk solid is placed in a cylindrical
mould with very low friction walls and cross sectional area A. Then the powder is
consolidated under a load (01A) applied by a very low friction piston. After that, the
consolidated cylinder of solid is removed from the mould and placed on a flat horizontal
surface. An increasing compressive stress is applied to the consolidated sample; a

stage will be reached where the powder collapses at certain load (ocA).

At the stress levels of interest for powder mechanics, during consolidation there is a
reduction in the voidage due to the particle rearrangement. If the material has surface
moisture at a level close to the point of saturation, then the reduction in voidage due
to the consolidation may cause the material to exceed saturation and thus express

excess moisture.

area A

il A A
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Consaolidation stage Failure stage

Figure 9: Stages of uniaxial consolidation test (Schulze, 2008)

This value of oc is called the compressive or unconfined failure strength corresponding
to the consolidating stress o1. If the compression test is repeated for several values

of consolidating stress, for each value of 01, a corresponding value of failure strength
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oc will be obtained. If the compressive strength is plotted against the consolidating
stress, the outcome is called the flow function of the material. Jenike et al. defined the
flow factor ratio ffc of consolidating stress to unconfined failure strength to characterise

flowability numerically.

cohesive

Oc

ff.=4

easy-flowing
ffe=10

free-flowing

0 O =
Figure 10: Instantaneous flow function (FF) and lines of flowability (Schulze, 2008)

For a given consolidating stress o1, the strength gained varies from one powder to
another. A free flowing material such as granular sugar has no strength and its flow
function lies on the horizontal axis of the oc — 01 diagram as shown in figure 10. For

more cohesive materials, the gradient of the lines of constant flowability increases.

While the “sand castle test” clearly illustrates the measurement principle, the direct
(uniaxial) method of determining the flow properties explained above is not a very
practical or reliable approach. For instance, the mould cannot be frictionless; it is very
difficult to remove the consolidated cylinder of solid without causing a disturbance and
also a uniform consolidation of the material is impossible to achieve with tall cylinders
due to wall friction. Additionally, the test achieves poor repeatability due to variations
in the precise position of the failure plane, and in the case of materials with moderate
cohesiveness the self-weight of the powder above the failure plane contributes greatly

to the failure, introducing a significant and rather variable error to the measurement.

For these reasons, it is more reliable to determine the flow function by indirect means
using a shear tester. Another important bulk flow property to measure by shear testers

are the bulk density (characterised as a compression curve) and the friction function,
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which represents the internal friction between particles as a function of the

consolidating stress.

2.3.1 Practical measurements of bulk flow properties

The application of any force to a powder tending to cause deformation by shear will
result in an opposing resistive force. As the magnitude of the applied force increases,
a point will be reached where the bulk solid begins to deform with the constituent
particles sliding relative to each other. Shear strength of the material could be defined
as the limiting value of the opposing resistive force when the powder is on the point of

sliding.

The magnitude of the consolidating force on the powder has a major influence on the
shear strength whereas other factors such as the nature of the particles themselves,
particle size distribution, particle packing arrangement and moisture content have an

effect as well.

The failure locus is the graphic representation of the relationship between the normal
compressive stress (0) and the resultant shear stress at failure (t) for a powder subject
to a specified consolidation. This failure locus is represented by a simple linear model

T=mo + c=mo + mT as shown in figure 11 where:

e mis the slope of the failure locus called coefficient of internal friction

e T is the apparent tensile strength, the value of o for which the shear stress is
zero

e cis the cohesion of the powder defined as the limiting value of t for o equal to

Zero

For a free flowing or non-cohesive material, cohesion is equal to zero and therefore
the model is simplified as T = mo. In this case, the failure locus passes through the
origin.

Generally, the internal friction characteristics of the powders are indicated by the angle
of internal friction (®), which is related to the coefficient of internal friction by the
relationship ® = tan*m. In powder mechanics, the consolidation stress levels to which
the samples are exposed in processing equipment are typical 1 or 2 orders of
magnitude lower than those of interest in soil mechanic. Samples used for strength

tests are not an extracted in a consolidation condition; instead, a sample of loose
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powder is consolidated in the shear over the stress range required and the strength is

measured.

Cohesive powders show intrinsic shear strength under zero consolidation and the
model is t=mo + mT. However, the failure locus of these powders shows a significant
curvature and the slope at any point defines the angle of internal friction & at that
condition. This curvature can be represented with the Warren-Spring equation
(Briscoe et al. 1987):

(—)n =2 i Equation 1

This equation is applicable if the consolidation stress is smaller than the consolidation
at the termination point of the yield locus. The loads index n varies between one and
two (Briscoe et al. 1987).

A
shear strength T
Yield locus of a
cohesive material
Yield locus of a free-flowing
{non-cohesive) material
¢ Slope = coefficient of friction, m
|
i | |
c=ml o
Angle of internal friction
Y. o -
Consolidation stress
-l T -

Figure 11: Linear model of shear strength of a bulk solid material (The Wolfson

Centre for Bulk Solids Handling Technology, University of Greenwich, England)

Mohr semi-circles of stress define unconfined failure strength (oc) and major
consolidating stress (01) as shown in figure 12. The Mohr semi-circle of stress which

defines oc passes through the origin of the Tt — o diagram and is tangential to the failure

22



PhD Thesis Literature Review

locus. For the major consolidation stress (01), the Mohr semi-circle is also tangential
to the failure locus and passes through the point corresponding to the consolidated

condition or preshear point.

The stress analysis for which the flow properties are used are generally 2 dimensional
and behaviour is dominated by the magnitude of the difference in the major and minor
principal consolidation stress.

Consalidated condition or preshear point

/

Yield locus

Figure 12: Yield locus and Mohr stress circles defining the unconfined yield

strength and the consolidation stress: analogy to the uniaxial compression test

The apparent tensile strength is proportional to the unconfined failure strength and the

coefficient of proportionality can be defined as follows:

oc = 2Kc = 2KmT Equation 2
K=m+ (1 +m?) Equation 3
m = tan® Equation 4

A straight line drawn through the origin and tangential to the consolidation Mohr semi-
circle is called the effective failure locus. The angle between this failure locus and the
horizontal axis of the diagram is named the effective angle of internal friction ().

Further shearing of the material beyond the termination point of the yield locus is not
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possible unless the normal stress applied is reduced which means allowing dilatation
of the powder before being sheared.

The effective angle of internal friction represents the ratio of the major and minor
principal stresses during steady state flow. This effective angle of friction is influenced
by the magnitude of the internal friction, the cohesion as well as the consolidation
stress level. Typically, the effective internal friction of a cohesive material increases
significantly as the stress level reduces towards zero. This is because at very low
stresses, minor principal stress of a cohesive powder tends to zero (at which point the

effective angle of friction is 90°).

Different initial consolidating loads will give different failure loci which determine the
corresponding values of oc and o1. For such a family of failure loci these values of oc
and o1 are used to plot the flow function of the powder. The other flow properties
(effective friction function and bulk density curve) are usually as a function of o1. Both
the angle of effective internal friction and the bulk density vary with the consolidating
stress. Therefore, it is important that the correct values are used in the design of bulk

solid handling equipment.

Jenike et al. developed a translational shear tester for bulk solids and its procedure
has been well-recognised and can be found in the ASTM standard D-6128. However,
this tester requires a highly trained operator and is also extremely time consuming to

use, i.e. undertaking the tests to characterise a single powder requires one whole day.

2.3.2 Brookfield Powder Flow Tester

Characterisation of a single powder using Brookfield Powder Flow Tester (PFT) takes
approximately 45 minutes and requires operator attendance at the machine for around

5 minutes at start and end of test.

The test procedure of the PFT is as follows: initially, the sample is consolidated to the
critical consolidation (preshear point N) and sheared which causes the material to flow
under consolidation stress until the shear force reaches a steady value (S) achieving

the steady-state or closely approached (NS).

Once steady-state flow is achieved, the sample is sheared under a reduced normal
load N1 giving the first maximum shear force Si for over-consolidated failure
corresponding to the load applied N1. This procedure enables the points needed for
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the failure locus. Three points are required to define the failure locus and the loads
applied are one third (N1 = 0.33N), two thirds (N2 = 0.66N) of the critical consolidation

N and the critical consolidation point.

The powder is tested at normal stresses mentioned (N, N1 and N2) and then an
algorithm determines the best fit failure locus for these values. Based on this failure
locus, the point of tangency in the Mohr semi-circles of stresses for oc is calculated.
Powder is again consolidated and sheared under the normal load corresponding to the
point of tangency (N3) and the algorithm recalculates the best fit locus. Once the final
failure locus is constructed, oc and o1 are calculated by the unconfined failure Mohr
semi-circle and the consolidation Mohr semi-circle.

Five levels of consolidation stress are possible: 0.3, 0.6, 1.2, 2.4 and 4.8 kPa. The
volume of powder required is 263cc for the standard cell and 43cc for the small cell.
Flow function test requires 45 minutes and the resulting data gives the flow function
(oc - 01 diagram), the friction function (t - o1 diagram) and the bulk density function (p
- 01 diagram) of the powder tested. These functions are used to characterise the flow
strength and the potential of arching and ratholing for the bulk solid. It is also possible
to test the effect of time consolidation on powders by undertaking a time consolidated
flow function test. It follows the same procedure as flow function test but the bulk solid

is left under consolidation for a user defined time period for static storage.

The design of a mass flow hopper also requires information about the friction between
the powder and a hopper wall. However, wall friction testing was considered outside
the scope of this work as it would add another dimension to the experimental and
modelling work. The omission of this is not so critical because industrial partners’
plants were found to mostly operate in core flow.

2.3.3 Comparison to other commonly used shear testers

The magnitude of the flow property measurements generated by the Brookfield Powder
Flow Tester has been compared with Jenike shear tester and Schulze Ring shear
tester measurements in a recent published study (Berry et. al 2014). Round robin tests
were undertaken with the Brookfield Powder Flow Tester using the standard BCR
limestone powder (CRM-116) at three different laboratories in the USA and United

Kingdom. The limestone powder was tested with seven different Brookfield Powder
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Flow Testers undertaking seven repeat flow function tests using the standard and the

small volume shear cells for each one.

Representation of the data obtained in the study showed a standard deviation of 95%
confidence interval for the measured values of the flow functions, bulk density and
effective internal friction functions. Comparison of the mean flow functions and
effective internal friction functions were made with the results published in the literature
for the tests undertaken with the same powder with the Jenike shear cell and Schulze
cell. This comparison showed that Schulze cell measured 4° higher angles of internal
friction compared to Jenike and PFT. Regarding the flow functions, the values of the
unconfined failure strength obtained using these three shear testers are comparable
with different standard deviations over the stress consolidation ranges; the PFT and
the Schulze shear tester showed similar reproducibility with more scattered from the

data published for the Jenike shear tester.

2.4  Theoretical links between particle and bulk scale

A broad survey of the literature is presented relating to analytical models linking

particles properties to bulk properties considering:

e Packing structure
e Interparticle forces
e Liquid bridges

e Effect of free flow additives

2.4.1 Packing of monosized spheres

The packing of the particles is a key factor to determinate the behaviour of bulk solids
under compaction forces, as it controls the average number of particle contacts and
ultimately the bulk strength. German et al. (1989) stated that particle size and shape,
agglomeration and friction between particles affect the packing structure. Powders are
characterised by different particle size and shape distributions, agglomerates and

surfaces areas.

Due to the complexity of the interaction of the variables, monosized spheres are
commonly used to model and predict the packing behaviour. Characteristics such as
density, porosity, permeability and strength are relevant in industrial processes to

control the quality of the final products.
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For the case of dry coarse particles (typically above 100 um) gravity forces dominate
over interparticle forces, the packing structures formed can be estimated based on a

model for fitting monosized spheres in a confined space.

In general terms, packing structure can be classified as dense and ordered or non-
dense and random packing. The volume occupied by the solids and voids are referred
to as the solids fraction and the void fraction respectively. The coordination number

describes the number of contacts points on each patrticle.

The maximum void fraction depends on the dimensions of the study considered. I.e.
for a two-dimensional structure (equal size circles on a plane), the maximum solids
fraction is 0.9069 and the highest coordination number is 6 and for three-dimensional
structure (monosized spheres in a volume), 0.7405 and 12 respectively. For random
packing of monosized particles, characteristic values of the solids fraction are 0.75 for
one-dimension, 0.82 for two-dimension and 0.64 for three-dimension structures
(German et al. 1989).

Ordered packing and loose or dense random packing are the characteristic structures
for monosized spheres in three dimensions. Loose random packing represents the
structure of particles in a container without vibration. Once the container is agitated,
the particles are reorganised and the solids fraction increases reaching the dense

random packing value.

The coordination number of the packing structures in three dimensions depends on
the considerations made for each method to evaluate the contact between particles.
As an example, for a random loose packing of monosized spheres, the coordination

number reported by researchers varies from 6 to 9.5 (German et al. 1989).

Different packing models for ordered structures have been proposed to link the solids
fraction and the associated coordination number (German et al. 1989).
Mathematically, it is accepted that the maximum packing density for monosized
spheres (close-packed structure) is characterised for a coordination number of 12 and
a void fraction of 0.26. Open-packed structure is characterised for a coordination
number of 6 and a void fraction of 0.48. Table 1 shows established models for
normalised coordination numbers and open and close packing structures have been

highlighted in the table and shown in figures 13 and 14 below.
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Figure 14: Close packing structure for monosized spheres (German et al. 1989)
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Packing of spheres Coordination Number | Solids fraction | Void fraction
Face-centred cubic 12 0.7405 0.2595
Face-centred cubic 11 0.7120 0.2880
Tetragonal — sphenoidal 10 0.7081 0.3019
Tetragonal — sphenoidal 9 0.6134 0.3866
Body-centred cubic 8 0.6802 0.3198
Orthorhombic 8 0.6046 0.3954
Orthorhombic 7 0.5612 0.4388
Cubic 6 0.5236 0.4764
Cubic 5 0.4031 0.5969
Diamond 4 0.3401 0.6599

Table 1: Established models for normalised coordination numbers

Several mathematical expressions have been proposed to link solids fraction and the
coordination number for monosized spheres. Most of them make predictions for
ordered packing structures. The simple units mentioned above have been used to find

approximate correlations.

German et al. plotted the relation between very common mathematical expressions
proposed by different researchers and the well-established packing data for monosized
spheres. It was found that equations proposed by Ben Aim et al. and Gray et al. &
Suzuki et al. fit reasonably the ordered packing data. However, these have a tendency

to give a lower coordination number for random packings.

Ben Aim et al. developed the following expression where f is the solids fraction and Nc

is the coordination number:

Ne=1/(1-1) Equation 5

Gray et al. & Suzuki et al. developed the following expression:
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Nc =2 exp (2.4 1) Equation 6

2.4.2 Effect of particle properties

Interparticle forces are raised by the irregularities on the surface of the particles. Both
particle shape and surface texture have a significant effect on the packing density. In
general terms, any particle differing from an ideal and smooth sphere or cubic
decreases the values of the solids fraction. The further the particle is to being spherical

or cubical, the lower the solid fraction.

However, the mixing of different particles shapes may increase the packing density if
they are blended under vibration, particles might orient themselves and close packing
structure could be possible, assuming that particles are sufficiently large for gravity

forces to dominate over interparticle forces.

Another factor to take into account is the internal porosity of the particles involved in
the packing density. Particles with open pores reduce the content of solid of the
packing and, therefore, reduce the solid fraction. In case of very porous particles such

as carbon black, it is very important to study its influence.

The effect of particle shape is strongly influenced by the packing structure, for close
packed structure the shape affects the mobility of the particles. If we consider a
uniaxial column of equant particles, when a stress is applied vertical a chain of contacts
form in the powder and the ability of the particle contacts to rotate produces a lateral
stress that is proportional to the axial stress. This is the stress ratio of the powder. If
this conceptual experiment is conducted for the elongate materials they will naturally
form a more open structure (higher void fraction) but the length and number of contacts
along the length prevent the rotation of the particle so that the stress is supported
axially and there is very low or zero lateral stress. The behaviour of the platy material
iIs somewhere between the two extremes. While this analysis is valid for larger
particles where gravity forces dominate over inter-particle forces, it is of little or no
consequence for fine particles where an open packing structure is formed, which

allows the particles the freedom rotate under applied stresses.

Particle size has a great influence on the solid fraction. Large dry particles with mean
size over 100 ym are dominated by gravity forces and these forces do not affect the

packing structure. Particles with the mean size below 100 ym decrease the packing
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density due to increasing surface area, the lower mass of the particles and the
influence of the weak forces like van der Waals forces and moisture. Therefore, the
friction and bridging between particles is more relevant in the packing density, which

is more restricted. The smaller the particles are, the lower the solid fraction will be.

Large spheres exhibit small difference between loose and random packing. German
et al. stated that spherical particles with size greater than 100 ym do not show any
significant change in void fraction under vibration. However, small and non-spherical
particles show increases in the packing density under vibration. Generally, the smaller
and more irregular the particles are, the greater the effect of the vibration in the packing

density.

It is possible to increase the packing structure by adding smaller spheres to fill the
voids between larger particles. The size ratio is a critical factor to obtain the most
optimised structure with the highest possible solids fraction, along with the composition
of the blend. An excess of any size fraction of the blend affects the packing density
reducing its value. Geometry is used to calculate the diameter of the particles needed
to fit in the voids. To get the most efficient packing, the smaller sphere should be
touched by the three surrounding larger spheres as shown in figure 15. Therefore, the

radius of the smaller particle can be calculated as follows:
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1 1 1 1 1 1 1 _
—= —+ —+ —+2 + + Equation 7

Where:

e Ry is the radius of the smaller sphere

e Ri, R2and Rz are the radii of the larger spheres surrounding the smaller sphere

For the particular case of equal larger spheres, smaller particle has a radius of 1/6.464
or 0.1547 times the radius of the larger sphere. The process of filling can be repeated

fitting spheres in the voids remaining after the first filling.

Hence, a general equation could express the solid fraction of the structure as a function
of the sizes of the particles. A general size distribution of the particle sizes could also
be used to predict and optimise the packing density (German et al. 1989).

Gilbert et al. (cited in German et al. 1989) provided a table giving the size ratios needed

for different coordination numbers (see Table 2)
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DL/Ds | 6.464 | 2.414 | 1.426 | 1.000 | 0.766 | 0.620 | 0.520 | 0.477

Nc 3 4 5 6 7 8 9 10

Table 2: Size ratios required for different coordination numbers

2.4.3 Interparticle forces

There are numerous interparticle force mechanisms that start to dominate the packing
properties and cohesive strength of particulates as the particle size is reduced (Yu et

al. 2003). Table 3 shows these forces and the mechanics associated to interparticles

forces:
Forces Mechanics
Van der Waals forces | Attraction forces between fine particles

Electrostatic forces Attraction forces between fine particles
Magnetic forces Attraction forces between solids

Chemical bonding Chemical reactions between particles
Capillary forces Forces due to the presence of liquid

Mechanical forces Direct contact between particles
Gravity forces Effect of gravity on particles

Table 3: Interparticles forces and the mechanisms associated to these forces

Gravity force drives the packing behaviour for coarse particles which depends on the
particle size and shape (Yu et al. 2003). When patrticle size decreases, the magnitude
of the gravity force decreases and other interparticle forces become higher than the
gravity force. Mechanical forces are higher when the surface roughness increases;
therefore smoother particles have lower tendency to interlock each other.

It has been stated that when a dry powder is in equilibrium with a dry atmosphere, the

internal forces to take into consideration in terms of packing behaviour are electrostatic
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forces, van der Walls forces, chemical bonding (or hydrogen bonding) and magnetic
forces (Coelho et al. 1978).

The consensus of the literature is that both chemical and electrostatic forces are
negligible relative to the van der Waals forces (Forsyth et al. 2001). The food grade
materials under consideration for this project are non-magnetic so these forces can be
also ignored. In the presence of surface liquid for non-magnetic particles, electrostatic
forces are negligible (Iveson et al. 2002) and van der Waals forces are also negligible

for particle systems with size greater than 10 um (Rumpf et al. 1962).

Therefore, the bonding mechanisms considered in this project are van der Waals for

dry materials and capillary forces for wet materials (presence of surface moisture).

2.4.4 Dry particulate materials

Van der Waals forces between atoms and molecules arise from the charge interactions
of dipoles (Coelho et al. 1978 and Yu et al .2003). It can be determined as follows for

two spherical particles which contain molecules (Yu et al. 2003):

F, = Equation 8

A 64RS(s + 2R)
6 (s?2 + 4Rs)?(s? + 4Rs + 4R?)?

Where:

e A is the Hamaker constant which is related to material properties, with typical
values about 101° J
e s s the separation distance between particles

¢ R s the radius of the spherical particles

The value of the Hamaker constant can be determined by different methods and
techniques using atomic force microscopy (Argento et al. 1996, Lomboy et al. 2011 &
Das et al. 2007). However, this measurement is considered a level of detail out of the

scope of this research as disclosed in chapter 5, section 5.3 of the thesis.

These forces are more significant when “s” is small, and under the condition of s << R
[condition valid for industrial applications (Yu et al. 2003)], the equation is simplified as

follows:

34



PhD Thesis Literature Review

o AR
V' 1252

Equation 9

Yu et al. in 2003 plotted the force ratio between van der Waals force and gravity force
on a spherical particle (glass beads) as a function of the particle size and different
separation distances between 8.25 x 10! and 3.2 x 10'1°. It was found that van der
Waals force is more significant than gravity for particles with size below 100 pm. It
also showed that these forces vanish rapidly with distance and, therefore, they are

sensitive to surface roughness (Coelho et al. 1978).

The influence of the van der Waals force found by Yu is consistent with the
experimental observations from Milewski et al., Mizuno et al. (both cited in Yu et al.
2003) and Yu et al. in 1997. It was observed that voidage was fairly constant for coarse
monosized spheres under gravity force and increases for glass beads below 100 ym
when particles size decreases because van der Waals force becomes dominant (Yu

et al. 2003) as shown in figure 16 below.
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Figure 16: Schematic diagram illustrating the effect of the particle size on the

packing structure of dry glass beads (Yu et al. 2003)

Furthermore, Yu et al. 2003 proposed empirical equations to predict the voidage of dry
powders as a function of the particle size, particle density and material properties
(Hamaker constant). These equations were developed by empirical curve fitting of the
void fraction data as a function of the particle size taken from several resources with

glass beads assumed in their calculations. These resources (Milewski et al., Mizuno
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et al. and Yu et al. in 1997) measured the voidage at poured and tapped packing
conditions which means that low consolidation stress was applied to the powder in their

experimental work.

Initially, Yu et al. 2003 developed a general expression based on the empirical fitting
of the measurements undertaken by Milewski et al., Mizuno et al. (both cited in Yu et
al. 2003) and Yu et al. in 1997 for packing of fine sphere particles as follows:

e=¢y+ (1—¢gy)exp(—mRz™) Equation 10

Where:

e Rjis the ratio between the magnitudes of the interparticle force (van der Waals
forces for dry materials) and the gravity force

e ¢ is the void fraction as a function of interparticles force

e &, is the void fraction of the dry coarse spheres under gravity force

e m and n are fit constants of the experimental curve fitting of the measurements

for packing of fine sphere particles
Meanwhile, Van der Waals forces were expressed as a function of surface roughness
as follows:

F, = AKR Equation 11

Where K is the lumped parameter which depends on the surface roughness and the
separation distance between particles. Experimental values of K for glass beads were

fitted with the following equation:
K= bxd" Equation 12

Where:

e dis the diameter of the spherical particles
e Db and c are fit constants (2.63 x 108 and -1.54 respectively) of the experimental

lineal fitting of K values for glass beads

Substituting equations 11 and 12 into equation 10 gave an expression of the void
fraction as a function of the particle properties (size and density) and material

properties (Hamaker constant).
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3bA\ " :
TPy

Where:

e As the Hamaker constant
e ¢ is the void fraction as a function of particle properties
e dis the diameter of the spherical particles

e p, is the particle density

e &, is the void fraction of the dry coarse spheres under gravity force

e m and n are fit constants of the experimental curve fitting of the measurements
for packing of fine sphere particles

e Db and c are fit constants (2.63 x 108 and -1.54 respectively) of the experimental

lineal fitting of K values

Yu et al. 2003 assumed a value of g, = 0.4 for loose random packing and ¢, = 0.36 for
dense random packing and by fitting equation 13 to the plotted voidage data as a
function of the particle size taken from the resources, obtained the values of m and n
for these packings of spheres. Using these values, the void fraction can be expressed

as follows:

e Loose random packing

ppy 0156 _
£ =04+ 0.6exp| —0.106 (7) 0552 Equation 14
e Dense random packing
ppy 0129 _
g==0364—064exp<—0178(;I) d““”) Equation 15

Yu et al. in 2003 stated that van der Waals forces are composed by three components
when the surface roughness is considered: attraction between particles, attraction
between particles and asperities and attraction between asperities. Forsyth et al. in
2000 proposed an equation that considers the effect of asperities:

2Ar3 2AR3

Fy=— — Equation 16
3s2(s+2r)?2 3(s+71r)2(s+7r+2R)?
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Where:

e ris the asperity radius assuming particles have a spherical profile

2.4.5 Wet particulate materials

The addition of liquid to bulk solids or even the presence of low moisture content in
powders forms liquid bridges and cohesive forces between particles. This force is
composed by two components: capillary and viscous. The strength of the liquid bond
also depends on the interparticle friction (Ilveson et al. 2001) which is activated by the

capillary and surface tension forces in the liquid between particles.

The capillary component appears due to the surface tension of the liquid and the
pressure deficiency in the liquid bridge, while the flow of the liquid in the bridge

generates the viscous component (Yu et al. 2003).

Different regimes of liquid content for an assembly of random packing with monosized
spheres have been well-established since 1958 when Newitt et al. described them for

the first time (see figure 17).

FPendular Funicular Capillary

Figure 17: Different states of saturation for an assembly of random packing of

monosized spheres (lveson et al. 2002)

Initially liquid bridges are formed in the contact points holding the particles together
(pendular state). Capillary state is characterised by the saturation of the particles
(liquid fills all the voids). Funicular state is a transition between pendular and capillary
states, liquid fills some of the voids whereas there is still some space left between
particles. When the maximum amount of liquid that can be held by the particles is
reached and more liquid is added, solid are held by liquid (droplet state). Another state
called pseudo-droplet may be possible where unfilled voids are trapped inside the
droplet (York et al.). It has been stated by several researchers (Sandell et al. 1993,
Kristensen et al. 1995, Pierrat et al. 1997, Yang et al. 1999, Mitarai et al. 2006) that
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the pendular state is characterised by a saturation lower than approximately 25%, the
funicular state by a saturation approximately between 25% - 80% and the capillary

state by a saturation greater than approximately 80%.

The bond strength of a particulate in the presence of surface moisture is characterised
by two models: the static liquid bridge model for the pendular region and the dynamic
viscosity based model for the funicular region. These are described below:

Static strength

As mentioned above, the strength of the static pendular bridge (see figure 18) depends
on the surface tension at the contact line between liquid and particles and the pressure
deficiency in the liquid bridge (lveson et al. 2002 & Yu et al. 2003).

E |

\
!

. h —— h —-
Figure 18: Schematic of a pendular bridge between two monosized spheres
(Iveson et al. 2002)

The capillary suction pressure difference across the curvature of the air-liquid interface

is given by the Laplace-Young equation (Iveson et al. 2002):

1 1
AP =y, (r_ — r_) Equation 17
1 2

Where:

e Vv is the liquid surface tension

39



PhD Thesis Literature Review

e r1 and r2 are the radii which defines the curvature of the surface bridge

This equation cannot be solved analytically and the common approach is to consider
the liquid bridge profile as a toroid. However, this geometry figure has a variable
surface curvature. Two theories have been developed about the evaluation of the
surface tension and capillary pressure terms. By gorge method (Lian et al. 1993),
these terms are evaluated at the middle point of the bridge; by boundary method (Lian
et al. 1993), these are evaluated at the contact line with one of the spheres (lveson et
al. 2002). Therefore, two different equations are proposed for the estimation of the
static bridge strength:

_ 2
Fyorge = mWAPT; + 21yT, Equation 18

Fpoundgary = mAPa?(sin ¢)* + 2ma sin ¢ sin(0 + ¢) Equation 19
Another approach is the numerical full resolution of the equation and fit empirical
expressions to the results. Willet et al. (cited in Iveson et al. 2002) solve the equation

and proposed the following expression for V/a® < 0.001, where V is the volume of the

bridge:
F 2mayy cos 0
static — 1 :
ah2\2 ah? Equation 20
1.0+ 2.1 a7l B 10.0 A

In the capillary state, the contribution of the surface tension component drops to zero
whereas the suction pressure term is significant. Static strength drops to zero in
droplet state (lveson et al. 2002).

In 1962, Rumpf et al. developed a mathematical model to estimate the mean
theoretical tensile static strength of the liquid bond for wet agglomerated granules or
the interparticle force for binderless agglomerated granules. A basic equation was
derived assuming spheres of the same size. The tensile strength is shown as a
function of the particle size, the voidage and the bonding force at a point of contact.

The following assumptions were considered:
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e The sum of bonds formed in the stressed cross section of the agglomerate is
significantly high. The bonds are uniformly distributed across the section and
over the directions in space.

e The spheres are equally distributed in the agglomerate. Therefore, it was
assumed that any cross section is homogenous and possesses the same void
fraction and equal effective strength across its whole area.

e The effective bonding forces are distributed around a mean value which can
replace them in calculations and it was assumed to be equal for different points

of the cross section.
Based on these assumptions, the following equation was derived for a model:

9(1—¢)
O'Z=§ md?

kH Equation 21

Where:

e His the bonding force at point of contact (this force has a constant value due to
the assumptions of the model and it is called “mean bonding force”)

¢ Kk in the mean coordination number (the average number of points of contact
between one sphere and its neighbours)

e dis the diameter of the spherical particles

e ¢ is the void fraction within the total volume

e 0zis the mean theoretical tensile strength

The approximate equation was previously published by Rumpf et al. (1958) but without
the factor 9/8, which was introduced by taking an account of the statistical distribution

of particles in the cross section.

The coordination number depends on the void fraction within the total volume. Using
the results of Smith (Manegold et al. 1955), Rumpf et al. (1958) proposed a relation
between coordination number and voidage for loose and jarred packing for monosized
spheres:

ke~31 ~m Equation 22

Then equation 21 becomes a function of the particle size, the voidage and the bonding
force at a point of contact:
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9(1—-¢)H
278 & a2

Equation 23

In this research, this equation of the model was adopted to calculate the bulk strength
of dry single powders as a function of the particle size and the packing structure of the

particulate materials.

Tanaka et al. gave an expression for the radius of the bridge for wet agglomerated

granules:

0.25
r, = 0.82a (F) Equation 24

Where:

e 12 isthe radius at the narrowest part of the bridge (the neck)
e Vv is the volume of the bridge for a single sphere around the contact area

between two spheres

The model suggests that the bond fails only at the narrowest part of the bridges and
all the liquid bridges are equal in geometry and strength. This means that the value
obtained from the model can be considered as an average value (Christakis et al.
2006). In this research, the bonding force at point of contact was considered equal to
the force produced in the neck of the bridge due to the surface tension of the liquid
bonding the particles. With these assumptions, this equation can be developed into

Rumpf’s equation for wet particulate materials as follows:

Equation 25

9(1—¢)/1\?
O-T = Q. 27‘[7‘2§ < (%)

Where:

e 0oTis the mean theoretical tensile strength

e a s the surface tension of the liquid

Dynamic strength

The viscous force due to the flow of the liquid in a pendular bridge between two spheres
surfaces can be approximated by the lubrication theory (Adams et al. 1987, cited in
Iveson et al. 2002):
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3muya®
=

<%> Equation 26
dt

Where:

e uv is the liquid viscosity
e 2his the gap distance between the spheres
e ais the radius of the spheres

e dh/dtis the time derivate of h (i.e. half-gap velocity)

Adams et al. (cited in Yu et al. 2003) stated that the viscous component is significant
when either the viscosity of the liquid is high or the relative velocity of the particles
approaching each other is high. Mazzone et al. and Ennis et al. (cited in lveson et al.
2002) verified the above equation and highlighted that the viscous component could
exceed the capillary component by several orders of magnitude under certain
conditions using viscous binders. It may explain the dramatic effect of small amounts

of liquid on the flow properties of the powders.

However, other researchers found that the strength of pendular water bridges
decreased as the rate of separation increased (lveson et al. 2002). In general terms,
the relative importance of the components dictates the effect of each ter