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ABSTRACT

This thesis describes the design and development of a fully automated pre-production

particle size distribution analyser for dry powders in the 30 - 2000 pm size range.

In its most basic form, the instrument comprises a horizontally held closed coil
helical spring partly filled with the test powder that is mounted at one end of a double
beam cantilever system pivoted along its length. Particle size distribution data are
obtained by stretching the spring to known lengths and measuring the mass of the
powder discharged from the spring’s coils following transverse vibration at
resonance. The size of the particles on the other hand is determined from the spring

‘intercoil’ distance.

The main thrust of the thesis describes the developments of the appropriate
technology and methodology for in-situ and continuos measurement of the mass of

the powder within the spring and system automation.

Two distinct methods were developed in order to measure sample mass. The first
deceptively simple approach involved mass determination from the vibration
characteristics of the spring and the supporting structure during resonance vibration.
This approach was unsuccessful as it was found that apart from the sample mass, the
vibration characteristics were also a strong and complicated function of spring

tension.

The second and far more successful technique involved a two-stage dynamic-static
operation in which particulate discharge is followed by wanton termination of
vibration. The sample mass is then measured by monitoring the deflection of the
cantilever system about its main axis. In this way, for a typical charge sample of 10 g,
discharge mass may be measured with a combined resolution and reproducibility of

ca. 0.1 g. The corresponding size resolution is ca. + 5 pm.



Particle size distribution data relating to the performance evaluation of the system are
reported in conjunction with a variety of powders differing in size and shape

including ballotini, milk powder, grit stone, sawdust, clay and sand.

System automation has involved work on both the mechanical and computer control
aspects. The former required the developments of a specially designed non-contact
gear mechanism for accurate extension of the spring to predetermined lengths as well
as an automated particulate pneumatic feed system. The computerised features of the
instrument include fully automated operation such as data acquisition, manipulation

and display.
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CHAPTER 1

INTRODUCTION

Particle technology and, in particular, powders have a long history of human use.
From Stone Age, where corn was ground using millstones, to Bronze Age, where
powdered ore was mixed and burned with charcoal to produce metals. Later
applications became apparent in architecture where ground volcanic rock was mixed
with water to produce the first cement. Furthermore, clay powder was moulded into
various shapes and sintered to form utensils utilised for daily life [1]. Powdered
material is widely used in material science, where it is produced by chemical or
physical events; by crystallisation or precipitation, or via size reduction of raw
materials. In fact, powder usage has grown so important in modern industry that an

industrial process without the use of some sort of powder is becoming a rarity [1-3].

Today, many products such as pigments, fertilisers, agro-chemicals, cements,
industrial chemicals, seasonings, detergents, tooth powders are being manufactured
in powder form. In addition, almost all-industrial materials like metals, ceramics and
plastics are manufactured through the preparation and processing of powders. The
huge impact of powder and associated industry can be reflected by the figures
revealed by the US Department of Commerce in 1993 [1]; which estimated the total
contribution of particle science and technology to industrial output to be one trillion
dollars annually in United States alone. One third of this was in chemicals and allied
products, another third in textiles, paper, cosmetics and pharmaceuticals and the

remainder in food and beverages, metals, minerals and coal.

Powder is an assembly or an aggregation of innumerable particles. Its behaviour and
properties are, to a large extent, dependent on and influenced by particle morphology,
size and size distribution. Particle size provides important data for understanding the

behaviour of powders in numerous applications. For example, the setting time of
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cement; the gloss quality and the hiding power of paint and pigments; the sticking
quality of adhesives; the activity of catalysts, flavour and texture of food materials,
potency of drugs etc. are all affected by the particle size [1-4]. For industrial
processes such as crystallisation, emulsification, polymerisation, fossil fuel
generation and grinding, the knowledge of particle size and size distribution is

essential in controlling process efficiency, product quality and emissions [5, 6].

Above applications require techniques that quickly, reliably and reproducibly provide
information on particle size distribution. Such information is useful for maintaining
the tight restrictions on toxic and hazardous materials in pharmaceuticals and food
industries. The possibility of a material being ‘off-spec’ could be costly, since the
whole product may be discarded or sold at a reduced price [7, 8]. Also, a rapid and
automated particle size measurement is necessary to keep pace with energy and
labour costs and profitability demands. On-line particle size monitoring permits
unattended measurement and immediate and timely manual or automatic feedback
control. Through operations monitored by real-time particle size analysers, energy

consumption can be reduced while increasing the product output [9, 5].

In recent years, a number of techniques have been developed for particle size
distribution analysis. These techniques have varying degrees of sophistication, based
on microscopy, sieving, electrical sensing, X-ray and laser diffraction. However, the
majority are either expensive, not robust, require complicated operating procedures
or are capable of handling only small samples; thus giving rise to sample

representation problems [1, 2, 10, 11].

Another major problem associated with all these techniques is that none is capable of
cost effectively sizing particles on-line. Although few laser diffraction techniques are
recently developed for on-line operations, they are very expensive (ca. £65,000) and
not suitable for use in aggressive environments typical of powder production plants.
Cost becomes a particularly acute problem during continuous process operations

where multiple point monitoring of particle size distribution is often required.
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In the manufacture, for example, of industrial powders as diverse as paint pigments,
ceramics, cement and photocopier toner, there is a requirement to control tightly the
particle size distribution. An on-line or rapid response capability allows immediate
readjustment of the process parameters that control the particle size if and when
required. At present this either involves taking samples to the laboratory for analysis,
often using sieves and feeding the results to the process engineer sometime later. In
some grinding operations, this problem is dealt with by excess grinding in order to
insure that the particle size falls within the required specification. In many instances,
the above practice can lead to a considerable amount of wasted energy (grinding
processes for example account for about 11% of the fuel consumption in cement
manufacturing) as well as environmental problems associated with the disposal of

‘off-spec’ products [11].

In 1996, Shaeri [12] developed a novel technique for particle size distribution
analysis which overcomes most of the above problems. The instrument comprises a
horizontally held close-coiled helical spring that is partly filled with the powder
under test. The technique works on the basis of the simple fact that when the spring is
stretched and vibrated in the transverse direction using simple harmonic motion, the
particle size of the powder discharged from the spring coils is related to the spring
extension. The weight of the powder discharged on the other hand can be determined
directly using a conventional balance. Data on the particle size distribution is then
provided as a simple plot of percentage mass of discharged powder versus the

corresponding particle size.

The spring particle sizer offered several advantages since the device is simple, robust
and does not require skilled operators. It is in principle capable of handling relatively
large amounts of powder thus overcoming sample representation problems which is
synonymous with many of particle sizing techniques available. Despite the above
advantages, a principal drawback of the early design of the spring particle sizer was
its inability to measure sample mass within the spring in situ without recourse to a
separate mass measurement technique. The latter requirement, together with the
extensive manual interaction undermined the potential of the device as a rapid means

for particle size distribution analysis particularly during on-line operation.
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In this thesis, we describe major modifications of the above technique involving the
development of a double-beam cantilever system incorporating a helical spring that
allows the in-situ mass measurement of the test powder. We also describe the design
of the ancillary mechanical components for automatic and accurate extension of the
spring to pre-determined lengths as well as the development of a pneumatic
particulate charging system. The computerised features of the instrument include

fully automated operation, data acquisition, manipulation and display.

The thesis is presented in eight chapters.

In chapter 2, the methods for characterising particles are described. The varying
shapes and sizes of particles can be characterised in terms of either a qualitative or a
quantitative definition. The qualitative description can be ambiguous and biased
towards an individual’s opinion. A large quantity of particles in a small sample
makes it difficult to quantify them individually. Hence, the common method of
characterising a powder is to look at its general spread across a wide range and
categorising this spread into small discrete groups. This gives a particle size
distribution of the material that can be used to determine properties of the material;

i.e. percentile sample above or below a size cut, the mean size of the sample etc.

In chapter 3, various aspects of powder sampling and handling are described.
Sampling is the most important factor when characterising particles. This is because
usually a very small amount of sample is used to define a character of a whole batch.
This sample being defined therefore has to be wholly representative of the source it
originated from. The factors that influence a sample are its quantity, the method of
collection and division, the sample source and the material characteristics. Finally,

the risk and hazards of powder handling are briefly described.

In chapter 4, the principle of operation together with the relative merits and
disadvantages of the important techniques for particle size distribution analysis are
described. These devices are based on wide range of physical principles including the

powder’s optical, electrical or transport properties. The response of these devices can
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be influenced by factors that may limit their application. These factors include
particle shape, density, preparation prior to analysis and the theoretical basis for

analysis.

The ‘particle size’ measured by different methods will not necessarily provide the
same results. Hence, the choice of a particle size measurement device becomes
dependent on the sample characteristics, the instrument accuracy and its
reproducibility. Other factors to consider during instrument selection are capital and
operation costs, the ease of use, analysis time, reliability, versatility, operating size

range, sample volume range and the robustness of the instrument.

Chapter 5 commences with a detailed review of the early version of the vibro-spring
particle size analyser developed by Shaeri [12]. This is accompanied by presentation
of data relating to the system’s performance in conjunction with a variety of powders.
This is followed by the design of several prototype particle sizers leading to a rocking
cantilever system which addresses the majority of the limitations of the early design.
The ancillary equipment designed include a pneumatic particulate feed system as

well as a non-contact gear mechanism for spring extension.

The optimal design criteria for producing uniform spring extension and maximum
resolution in size measurement are also identified. These include wire uniformity,
material of construction, residual tension, heat treatment and spring index. The
performance of specially designed spring based on the above criteria is evaluated

using spherical glass ballotini of known size ranges.

The main bulk of the work is presented in chapter 6. It commences with a detailed
evaluation of the performance of the rocking spring particle sizer described in the
previous chapter followed by design optimisation. The performance evaluation tests
involve determining system’s stability and reproducibility as a function of drive
voltage, time and spring tension. The effects of changes in pivot design, ambient
temperature, reed shape and material of construction on the systems’ mass resolution

are also investigated.
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The feasibility of in situ mass measurement using two types of weighing mechanisms
including ‘dynamic’ and °‘static’ modes of operation are investigated. The latter
procedure involves significant changes to the system’s design. Finally the
development of a computer interface for automated operation of the system is

described.

Results relating to extensive evaluation of the system in conjunction with a number
of powders with different shape, size range, density and flow characteristics are
presented in chapter 7. Typical samples tested in the size range 30 — 850 um include
glass ballotini, milk powder, grit stone, saw dust, clay and sand, super-absorbent
polymer, calcium carbonate, bran and bismuth. As well as determining
reproducibility, the spring data are compared against those obtained from parallel

experiments using sieves.

Chapter 8 provides the general conclusions on the main findings of this thesis as

well as suggestions for future work.

The appendices include the description of the layout of the electronic drive and
detection mechanisms. Appendix A presents the integrated drive and control
electronics system used along with the logic diagram of the computer controlled
pulse power circuitry. Appendix B on the other hand outlines the addressing of the
various ports of the analogue to digital I/O interface card used and accessing of the

system board during operation.
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CHAPTER 2

PARTICULATE CHARACTERISTICS

Physical characterisation differs from the chemical characterisation in that often a
unique value cannot be associated with powdered materials, since they are usually an
assembly or an aggregation of innumerable particles. For the particles having a
simple shape, the particle size can be easily expressed by just one dimension; but the
particles to be measured in practice form a complex collection of different shapes and

sizes [1, 4].

In this chapter, the methods for expressing the shape, shape factor and size of a single
particle are described both qualitatively and quantitatively. The common ways for
presenting size distribution data in a collection of irregular particles are explained
and the typical types of average diameters that can be obtained from such a graph are

briefly mentioned.

2.1 Particle Shape

Particle shape is a fundamental powder property affecting powder behaviour in a
system. It also affects the physical phenomena used for particle size measurement;
hence, influencing the results obtained by various measuring principles. There are
various descriptive terms for expressing particle shape qualitatively, as defined in

table 2.1 [1, 4, 10, 13, 14].

These expressions are arbitrary and ambiguous and it is difficult to categorise actual
particle shapes. The shape of particles is often expressed by their geometrical
characteristics obtained by direct observation. However, the factors that characterise

the shape of a single particle offer a two-dimensional solution to the three-
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Table 2.1: Definitions of particle shape.

Spherical global shape

Flaky plate like

Granular having approximately an equi-dimensional irregular shape
Crystalline freely developed in a fluid medium of geometric shape
Acicular needle shaped

Fibrous regularly or irregularly thread-like

Dendritic having a branched crystalline shape

Angular sharp-edged or having roughly polyhedral shape

Modular having rounded, irregular shape

Irregular lacking any symmetry
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dimensional problem which would be impractical to utilise. A quantitative method of
describing particle shape can be done mathematically by a truncated harmonic series
(i.e. Fourier series) or by fractal analysis. But, due to the complexity of such methods
and the nature of the powders, shape regeneration by these methods have limited

application in powder technology [15-18].

2.2 Shape Factor

A simple way of defining the shape of a particle is in terms of a shape factor. This
parameter is expressed by various ratios between some of its known dimensions. This
definition by a single dimension will describe the degree of discrepancy of a particle
from being regular shaped. This parameter may not be adequate for indicating the
shape, as different shapes may have same value; however, it is a useful tool for
analysing powder size and behaviour. The common definitions often used are

described as follows [15, 19-21]:

Sphericity: This is the ratio of the surface area of a sphere having the same volume as
the particle, to the actual particle surface area. Sphericity is also equal to the ratio of
the surface-volume diameter to the equivalent volume diameter. The reciprocal is

known as the coefficient of rugosity or angularity.

Circularity: This is the ratio of the perimeter of a circle having the same area as the
projected area of the particle to the actual particle perimeter. This is a two-
dimensional representation of a particle shape that can be evaluated by microscopy.

The reciprocal of this is called the contour ratio.

Aspect ratio: This is the ratio of a particle length divided by its width and its value
ranges from 1 to infinity. The reciprocal of aspect ratio is the particle chunkiness,

which is the particle width divided by its length with the value ranging from 0 to 1.

Surface shape factor, ¢ This is the coefficient of proportionality relating the surface

area of the particle with the square of its measured diameter.
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s=¢, D%, (2.1)

where,
s = surface area of a particle

D, = particle diameter

Volume shape factor, ¢,: This is the coefficient of proportionality relating the volume

of the particle with the cube of its measured diameter.

v=¢,D’, (2.2)

where,

v = particle volume

Surface volume coefficient: This is the ratio of surface to volume shape factors,

combining together the feature of the two.

Apart from the basic definitions above, there are other shape factors which are
defined as ratios of two different types of equivalent particle size. These are obtained
by comparing particle size distribution measured by two different methods; the shape

factor is the multiplier that would bring the results into coincidence.

2.3 Particle Size

One of the most important parameters that characterise powders is the particle size.
There are a wide range of methods for particle size analysis which measure different
dimensions of a single particle. For a regular shaped particle, the representative size
can be easily defined on the basis of its diameter or the length; but for the irregular
shaped particle, it is not so simple. Here, the diameter or the length of a side will not
sufficiently describe the particle size or shape. Hence, the principle of equivalence,
and in particular the equivalent diameter, is used to define the particle size of an

irregular particle [1, 3, 4].
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Table 2.2: Definitions of particle equivalent diameters.

Symbol  Diameter Name  Definition
' d, Volume Diameter of a sphere having the same volume as the

particle

d, Surface area Diameter of a sphere having the same surface area as
the particle

dy, Surface-volume Diameter of a sphere having the same external
surface to volume ratio as the particle

dy Drag Diameter of a sphere having the same resistance to
motion as the particle in a fluid of same viscosity
and travelling at the same velocity

d Free-falling Diameter of a sphere having the same free-falling
speed as a particle of same density in a fluid of the
same density and viscosity

dg; Stokes Free-falling diameter in the laminar flow region

dy Sieve Width of the minimum square aperture through
which the particle can pass

d, Projected area Diameter of a circle having the same projected area
as the particle in a stable position

d, Projected area Diameter of a circle having the same projected area
as the particle in a random orientation

d, Perimeter Diameter of a circle having the same perimeter as the
projected outline of the particle

dp Feret Distance between two tangents on the opposite sides
of the particle

dy Martin Chord length which bisects the particle image into
two equal areas

dg Unrolled Chord length through the centroid of the particle

outline
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measuring the particle population in each of the size ranges. Mass definitions can be
obtained by separating and weighing the powder fractions in specific size ranges. The
two well-known methods of expressing the particle size distribution are the
frequency distribution and the cumulative distribution. Conversion from distribution
of one measured quantity to another is possible, but this assumes a constant shape
factor throughout the distribution. This is very rare in practice and so such

conversions should be avoided as they induce error [10, 22, 24].

2.4.1 Frequency distribution

Frequency distribution shows the ratio of particles contained in each size range to the
total particles analysed. The frequency or the ratio can be denoted by fractions,
fractional percentage or fractional weight percent. The distribution is presented in
terms of histogram or polygon, where the frequency of particles in each size range is
plotted against the respective particle size. Figure 2.2 shows a typical sketch of a
frequency distribution plot [25]. For polygon, the data points for particle size axis are
the average size of the particular size range. A logarithmic co-ordinate can be used to

produce a higher resolution in the lJower data points region [4, 24].

2.4.2 Cumulative distribution

There are two types of cumulative distributions: oversize and undersize. These
respectively represent the fractional mass percent of particles over or under the
corresponding particle size. Figure 2.3 shows a typical sketch of a cumulative size
distribution plot [24]. The undersize and oversize curves are not always mirror
images of each other, especially when plotted on a log-log basis, as shown in figure
2.4 [24]. In this type of plot the cumulative undersize data tend to give a straight line
over a wide range of sizes. Cumulative undersize data is more frequently used since
its log-log plot can provide a rough estimate of a size distribution with only few data

points covering size ranges as wide as 100 to 1200 um [24, 26].

2.5 Average diameters
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Average diameters are used to represent group of particles present within a sample
powder in a simple way in order to understand the size class of particles. These
provide a measure of its central tendency in terms of the mode, the median or many

different means; which are unaffected by the extreme values in the size distribution.
2.5.1 Mode

The mode refers to the most commonly occurring value in a distribution and is
simply the size corresponding to the peak of the frequency curve, where the
frequency is at its maximum. A size distribution may have more than one peak and is

normally referred to as multimodal [17].
2.5.2 Median

The median divides the distribution in two equal parts and is the size corresponding
to the midpoint (50% size) of the cumulative distribution curve. This point should
refer to equal value in both undersize and oversize plots. It is used to define one half
belonging to the size class of fine particle and the other half being coarse from the

median.
2.5.3 Mean

The mean is the centre of gravity of the distribution and is of more significance
compared to the mode or median, since it defines a real system having unequal sized
particles. Various definitions of mean particle size have been proposed [24] and the
choice of the method for determining the mean size should depend on powder
phenomenon and its application [1]. The most commonly used definitions of mean

particle size are as follows:

Arithmetic mean: is the simplest form of an average diameter and is normally used in
sieve operations. If, for example, a size passes through a sieve of aperture a; and is

retained in a sieve of aperture a,, the arithmetic mean is defined as:
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d, = (ar+a2)/2 (2.3)

Obviously the description will not be adequate if a; and a, represent sieves sizes far

apart.

Geometric mean: is another simple average diameter that can provide an adequate
representative size for uniform particles. For non-uniform particles, the value
calculated is usually smaller than theoretically assumed from the mass and density. It

is defined as:
dg = (3132)1/2 (24)

Volume mean: is more widely used and it is same as mass mean when particle density

is constant. It is expressed as:

~2nd* > (Md)
Y nd® XM

dv (2.5)

where d is the particle size and n and M are respectively the corresponding number

and the total mass of the particles.

Surface mean: is usually used when the surface area of the particles, as a powder
property, is of importance. It is defined as:

oo an3 _ ZM
Y nd? D (M/d)

(2.6).

Root mean square: is another type of mean employed when the surface properties are

important. This statistical quantity is given by:

2
So VSoma) \
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The values of overall mean diameters calculated from equations 2.3-2.7 can differ
considerably, but for a sample of particle with a wide size distribution, there is no

generally preferred method.

2.6 Conclusion

In this chapter, the methods of characterising a particle are described. Powder forms
are a complex collection of varying shapes and sizes and very few of these are mono-
sized or regular in shape. They can be qualitatively described as being fine or coarse
and having certain shape, but such descriptions are arbitrary and ambiguous. A
quantitative description of these particles is not a simple task since even a small
amount of material contains large quantity of particles and the particles are usually
too small in size to be able to accurately measure its dimensions. Hence, the adapted
practice of characterising a sample is to categorise them into smaller discrete groups.
From this, a general spread of sizes present can be obtained in terms of a particle size
distribution and the average particle size can be evaluated. As it would be impossible
to analyse the whole material, a truly representative sample should be derived to have

total confidence in the particle characterisation.
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CHAPTER 3

POWDER SAMPLING AND HANDLING

The most important factor affecting powder characterisation is an acquisition of a
valid sample. Considering most particle measuring devices cannot handle more than
a few grams of powder which may be procured from a batch of many kilograms and
the need for good sampling becomes apparent. The purpose of sampling is to obtain a
sample which is representative of the bulk material in terms of some particular
property. To ensure sampling accuracy, the sampling operation has to be free of
systematic errors and the random errors should have small variation from the mean
average of such property. A well designed sampling procedure is therefore one in
which errors from differences between the actual bulk material and the operational

analysis have been minimised.

However, during withdrawal of a sample from a homogeneously mixed powder, there
is a possibility of particle movement within the powder mass. The disparate particle
sizes will cause the fine particles to settle downward through the spaces between
larger particles and segregation will occur. Powders with only one size particles or no
real size distribution will have minimal segregation effects, but most powders have a
distribution of particle sizes. Sampling is therefore an error generating procedure and

the sample provides just an estimate of the true powder properties [8, 27].

In this chapter, the types of samples that can be obtained from a stored bulk or a
particulate source are defined and various sampling strategies along with the ideal
removal methods as well as their shortcoming are described. Finally, the risk and
hazards of powder handling and some precautionary measures that can be taken are

briefly described.
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3.1 Sample Definitions

Various types of samples are defined in British Standards, BS3406: Part 1 [28], as

follows:

Gross sample: The sample obtained or prepared from the bulk material under the

sampling plan from which subdivision for testing, reference or storage can be made.

Laboratory sample: The sample delivered to the laboratory (Derived from a large

bulk for laboratory testing).
Spot sample: A sample of specified quantity taken from a specified place in the bulk
material, gross sample or laboratory sample, or at a specified place and time in a

stream and representative of its own local environment.

Test sample: The sample prepared from the laboratory sample from which the test

portions are withdrawn.

test portion: The portion withdrawn from the test sample and entirely used in the test

or observation.

Heterogeneous material: Material in which a spot sample will have a significantly

different value of the characteristic under consideration from the mean value of the

characteristic for the whole material.

When a heterogeneous mix occurs on sub-division, because particles are impeded in
their movement throughout the particle assembly, a concentration of certain sizes or
characteristics can occur in local positions. The sampling technique must therefore

prevent or overcome segregation of these characteristics into local concentrations.

Homogeneous material: Material in which a spot sample will not have a significantly

different value of the characteristic under consideration from the mean value of the

characteristic for the whole material.
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In any homogeneous sample any subdivision of the sample will precisely represent
the sample as long as the sampling technique does not impart any systematic bias to

the subdivision procedure.

3.2 Sampling Strategy

The sample strategies commonly used are random sampling, systematic sampling and
random stratified sampling (see figure 3.1). Random sampling involves the time of
sampling to be determined by chance. Systematic sampling has the time between
sampling fixed to equal intervals. Random stratified sampling is the collection of a
sample within fixed time intervals (strata), where the timing within that interval is
determined by chance. In a continuous delivery operation a sample increment is taken
at a random time within each of successive strata spanning the whole process. For

static bulks the strata could consist of wagonloads, or bags or a number of bags [28].

For a homogeneously distributed bulk, random sampling is sufficient. However,
typical bulk materials are not homogeneously distributed and hence systematic
sampling is preferred. However, the cyclic variations in bulk could give imprecise
results; and so to guard against such possibility random stratified sampling is usually

recommended.

3.3 Obtaining a Sample

It is usually impossible to measure the size distribution of a bulk powder and so it is
necessary to carry out measurements on a sample extracted from the bulk. The gross
sample has to be extracted from either a stationary or moving powder ensuring the
sample is uniform. Not only is it important to sample correctly, but similar methods
should be used to ensure similar results from two different stages of analysis. To
satisfy that all the particles in the bulk must have the same probability of being
included in the final sample and to counteract segregation effects, the following basic

rules should be followed [21, 8]:
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(1) A powder should be sampled when in motion, but powder on a stopped belt can
be sampled.
(2) The whole stream of powder should be taken for many short increments of time

in preference to part of the stream being taken for the whole of the time.

3.3.1 Sampling from stored material

When sampling from a stored batch of material, a sampler tube, known as spear or
thief, is often used. This device consists of two hollow concentric tubes with a
portion of both tubes cut out to form a passage into the inner tube. A sampler tube is
inserted into the powder batch and by rotating the outer portion of the two concentric
tubes a batch of powder flows into the centre of the sampler tube. The sample is
removed from the tube and retained. The sampler tube is then moved to a different
portion of the powder being sampled and the process is repeated several times. The

sampled material is then mixed thoroughly and analysed [4].

Frequently, the spears are vibrated to facilitate filling and this can lead to an
unrepresentative quantity of fines entering the sample volume. The sampling
chambers also have tendency to stick if coarse particles are present. Archimedean
screws are also used for sampling from a batch. For cohesive, non-flowing material,
surface sampling with a scoop is carried out, but the probability of obtaining a
sample that perfectly represents the parent distribution is remote. Segregation is a
common occurrence, and therefore, it is preferable to obtain a sample from a moving

stream prior to its storage [3, 4, 8].

3.3.2 Sampling flowing stream

Whenever possible, a sample should be taken when the powder is in motion. The best
position for sampling from a conveyor belt is by collecting the increments from the
falling stream at the end of the belt. When sampling from a continuous stream, the
sampling may be continuous or intermittent. In continuous sampling a portion of the
flowing stream is split off and frequently further divided subsequently. In intermittent

sampling the whole stream is taken for many short increments of time at fixed time
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intervals. Those increments are usually compounded and samples for analysis taken

from this gross sample.

Samples can be extracted from the product stream by the projection of a sample tube,
containing a nozzle or orifice, into the flow. The particles impact on the tube and fill
the open cavity. The sampling head is out of stream when not sampling. It is not
possible to sample non-homogeneous streams representatively with this method. A
slot inside a process stream can be also be used to capture a cross-section of the
process stream to collect a sample. However, a representative sample can only be

collected if the stream is homogeneous and this method also obstructs flow [4].

Mechanical rather than manual sampling is more suitable as this ensures isokinetic
sampling. Isokinetic sampling is when the flow-rate of sample being collected is at
the same rate as to the flow-rate inside the main stream. A cutter that cuts the full
cross-section of the stream collects the samples. This method can give a much better
overall precision, at accurate time intervals and can handle the samples and the whole
operation automatically. Here, great care is required when placing the sampler in and

out of the stream [4, 21, 7].

3.4 Sample Characteristic

Prior to any sample sub-division, the physical characteristics of the bulk material
have to be assessed. The factors to be considered before any division for sampling are

[27]:

Flowability whether the material is free-flowing or cohesive

Uniformity whether the material has particles of widely differing chemical
nature, density and size, and an assessment of its behaviour during
sample division

Maximum the largest particle size present in the sample and the upper limit of

particle size particle size that can be measured by the chosen method of analysis
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Friability the tendency of the particles to break or erode during handling
Moisture the presence of high level of moisture in the particles and its
tendency to coalesce

Aggregation any signs of inherent aggregation either during handling or in

storage
Chemical knowledge of possible reaction of the material with the atmosphere
nature and working surfaces

3.5 Sampling Sub-division Methods

Since gross or laboratory samples are too large for a practical measurement of its true
characteristics, the samples have to be further sub-divided into secondary or even
tertiary sub-samples. The method employed for any sub-division must conform to
two guidelines: one is that the test sample is representative of the bulk it originates
from, and the other is that the sample is small enough for easy handling during
analysis. Several methods exist for obtaining dry particle samples and the most
common ones in use are summarised below and illustrated in figure 3.2 [27]. The
actual technique will depend on the nature of the bulk material, its location, the

properties to be tested and the accuracy required [21, 24].

3.5.1 Scoop sampling

Scoop sampling involves plunging a scoop into the powder and removing a sample. It
is prone to error as the whole of the sample does not pass through the sampling
device, and since the sample is taken from the surface, it may not be representative of
the bulk. For a powder in a container, it is usual to shake the sample prior to
sampling to achieve a good mix, but this can promote segregation [24]. Scoop
- sampling is suitable only for materials that are homogeneous (or can be made so by
mixing) within the quantity of material taken by the scoop. It may be used for damp
materials where instrumental methods are inappropriate. Scoop sampling is generally
used to obtain test portions from a test sample produced by another sampling method

[28].
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3.5.2 Coning and Quartering

Coning and quartering involves pouring the thoroughly mixed powder into a conical
heap. Relying on its radial symmetry to give identical samples, the heap is flattened
and divided by a cross shaped cutter into four equal quarters. One pair of opposite
quarters are rejected, the other pair are thoroughly mixed together and piled into a
conical heap. The procedure is repeated until the required amount of sample is
obtained. This method is very prone to selective sampling and should be avoided
[24]. Coning and quartering is more suitable for the non-flowing or cohesive
powders; for powders with poor flow characteristics the method may be capable of
subdividing samples with an accuracy and precision equal to that of instrumental

methods [28].

3.5.3 Table sampling

In a sampling table, the material is fed to the top of an inclined plane in which there
is a series of holes. Prisms placed in the path of the stream break it into fractions.
Some powder falls through the holes and is discarded, while the remaining powder
passes on to the next row of holes and prisms, where more is removed, and so on.
The powder reaching the bottom of the plane is the sample [3, 24]. The objection to
this type of device is that it relies on the initial feed being uniformly distributed, and
a complete mixing after each separation, a condition not achieved in general. As it
relies on the removal of part of the stream sequentially, errors are compounded at
each separation; hence its accuracy is low. Its advantages are its simple, robust and

immovable structure and its low price [27, 28].

3.5.4 Chute riffling

The chute riffler consists of a V-shaped trough along the bottom of which is a series
of chutes alternately feeding two trays placed on either side of the trough. The
material is repeatedly halved until a sample of the desired size is obtained. The size

of such rifflers vary from a small hand unit for obtaining a test sample to a large-
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scale unit capable of being used at the end of a conveyor belt for gross sample. When
carried out with great care, this method can give satisfactory sample division but it is
prone to operation error, caused by unequal splitting of the sample [24]. Chute
riffling is unsuitable for damp materials and for powders which will not flow through
a test apparatus. This method is generally used to produce samples with minimum
volume of 5 ml. This method gives better results than scoop sampling or coning and

quartering for free flowing powders [28].

3.5.5 Spinning riffler

In a spinning riffler, the material is fed into a mass flow hopper in such a way that
segregation does not occur. The powder is delivered from a hopper by a small
vibratory feeder at a constant flowrate, which then falls on to a succession of
receivers mounted on a rotating carousel. The feed rate is controlled by varying the
gap under the hopper and the vibration of the feeder. By this method, the entire feed
is divided uniformly between the receivers [10, 21]. The variation between the
collected samples is reduced by having greater number of increments in each
receiver. This should be preferably achieved by using lower feed flowrate rather than

by increasing the rate of rotation [28].

3.6 Safety Aspects of Powder Handling

Any processes involving powders present a major health risk to the workers in the
surrounding area by either skin contact or by inhalation of airborne dust particles.
Health risks associated with some materials are more readily recognised and
therefore more easily controlled. Also, some materials are combustible and even
explosible, which could lead to 'dust explosion’. The principal industries concerned
with hazardous materials are agricultural, chemical, pharmaceutical, coal, foodstuffs,
metals and plastics. The dangers associated with powder depend on its particle size,

moisture content, composition and the ignition source present [29].
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Great care and caution is required for such processes and steps should be taken to
reduce or eliminate these risks prior to the application. Firstly, the process should be
automated as much as possible, with external control, to remove any worker contact.
The process should be partly or wholly enclosed where possible to prevent exposure
to the surroundings and, hence, reduce the risk of loss/fire/explosion. Worker access
should be minimised by setting up of an entry and maintenance protocol. Cover all
the possible dusty area and provide adequate airflow system or local exhaust for

disposal [29].

General ventilation can deal with any contamination into the work place, but only
after the worker near the source has been exposed. Personal protective equipment
(PPE) including clothing, spectacles, respirators may be needed. When dealing with
toxic or hazardous materials like pharmaceuticals, respiratory protective equipment
(RPE) may be required. Exposure to any one individual can be limited by limiting
working time, or rotating workers between high and low exposure tasks, but this is

not always an acceptable method of control [34].

3.7 Conclusion

Based on the above review, sampling is the most important factor in characterising a
bulk sample. The factors that need to be considered for the operator to have full
confidence in the sample being truly representative are the sample type required, the
sample source, sample characteristics and the method and frequency of sample
collection. It is only following the acquisition of a truly representative sample that a
size distribution analysis should be conducted. For such analysis, further sub-division
of the sample may be needed to reduce it to the maximum capacity of the selected
particle sizing method. The method for sub-division should take into consideration
the material properties to minimise errors. As always, when dealing with powdered

material, safety aspects should not be compromised or neglected.
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CHAPTER 4

PARTICLE SIZING TECHNIQUES

According to Bunville [30], an ideal instrument for particle size analysis should
provide a complete distribution function in terms of some characteristic dimension of
the particles, cover a wide size range and have minimum ambiguity in the
relationship of the instrument response function to the particle dimensions. It should
also require no information regarding particle properties and minimum time for data

generation and data analysis.

Many techniques with varying degrees of sophistication are available for particle size
analysis. These are based on a variety of phenomena such as electrical, transport and
optical properties. The principle of data generation by such instruments range from
counting and sizing of individual particles as discrete events and the generation of
data as a continuum of particle size distribution to techniques that generate only
several averages of the distribution. In this chapter, some of the most important

techniques for particle sizing are reviewed and critically evaluated.

Although methods based on vibro-fluidisation of particles are primarily at a research
and development stage, nevertheless these are also reviewed as the instrument
described in this thesis utilises the same principle. Particular attention is paid to
reviewing the vibro-spring particle sizing method developed by Mahgerefteh and
Shaeri and Shaeri [11, 12] as the limitations associated with this early technology
formed the main incentive for the work reported in this study. The factors influencing

instrument selection are discussed first.
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4.1 Factors Influencing Instrument Selection

Particle size measurements obtained by methods differing in principle of operation
will yield different results since each measures different particle properties [24]. As
such, it is necessary to be aware of and to understand the method and size
characteristics involved in an analysis by any particular method. For the measurement
of particle size, therefore, one should select the method most suitable to the sample
physical characteristics and particular application. The history of the sample should
be considered, as some materials tend to segregate or are sensitive to the environment
they are exposed to. The method of dispersion for each technique also plays a part as
some powders undergo attrition with increasing energy input [1]. If two different
techniques need to be applied to cover a wide size range, then these should overlap

over a significant part of the size range [24].

Reproducibility and accuracy are the most important factors governing the choice of
a particle-sizing instrument. Some instruments are highly reproducible but inaccurate
or accurate with poor reproducibility. Accuracy is important when relating powder
properties to particle size. Reproducibility is important for process control where it
can distinguish between product differences. Other factors to consider during
instrument selection are capital costs, operation costs, the operating principle,
operator friendliness, speed of operation, reliability, versatility, operating size range,

sample volume range and the robustness of the instrument.

System resolution also needs to be clearly defined prior to instrument selection.
Many techniques claim “high resolution” when particle size results are presented in
more than just a few discrete channels. Although presenting data in a small number
of size classes must be low resolution, presenting a large number of data points is not
necessarily high resolution. Each point must represent size classes comparable with
the sensitivity of the measurement. Resolution might be better defined as “the ability

to discriminate between adjacent events” [31].
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4.2 Sieving

Sieving is by far the oldest and the most widespread method of particle size analysis
because the equipment, analytical procedure and basic concepts are so deceptively
simple. A test sieve is typically made by metal wire cloth mounted in the sieve frame
to create sieve openings or apertures. These apertures are designed to retain particles
larger than, and allow to pass particles smaller than, its designated size. Sieving is
carried out by simply placing sample powder on a sieve with fixed aperture size and

agitating the sieve to allow the particles to pass through the apertures [1, 4, 8, 18].

The various particle sizes are measured because of the probability function that
allows each particle the optimal incidence of opportunity to locate, be measured
against, and be retained or passed by each sieve opening. Controlling the sieve
agitation and the time the sample is on test sieve optimises this incidence of
opportunity. Regardless of whether the sieve and its contents are agitated by hand or
machine, the particles are constantly being reoriented in relation to the apertures. The
particles considerably smaller than the openings will pass first followed by those
closer to the opening size. Eventually, the process approaches the endpoint-where a

negligible percentage of particles continue to pass through the opening [8].

The sieving time is until the residue on each sieve contains particles, which can pass
through the upper sieve and cannot pass through the lower sieve. In general, British
Standard BS 1796: Part 1 [32] recommends that for a successful dry analysis, sieving
proceeds until less than 0.2% of sample passes through sieve. For particle size
distribution data, the sieves are stacked vertically with aperture size decreasing
downwards. After sieving for an appropriate time, the size distribution of the powder

is obtained by weighing the particles retained on each sieve.

Sieving is applicable for both dry and wet particles with the size ranging from few
micrometers to several centimetres. The standards for typical sieve sizes are set by
various individual international committees, with the progression of sizes based on
either the nth root of two or ten progression. Sieves are often characterised in terms

of a mesh size, which refers to the number of apertures present in a unit area. Sieving
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allows the possibility of working with relatively large samples, thus, to a large extent
overcoming the problems associated with sampling. With sieving, particles are
separated into categories solely based on its size and independent of other properties

such as density or optical properties.

Analyses of the same sample of material by different sieves of the same nominal
aperture size may be subject to discrepancies. The factors affecting accuracy include
non-representative samples, particle load on the sieve, the angle of presentation of the
particle to the aperture and the differences in the sieving time. Other factors like
humidity, operator errors, different sieving actions, the geometry of the sieve surface
and its wear also lead to variation in test results. Hand agitation generally results in
great variation between operators because the amount of shaking and tapping force

that each operator imparts to the sieves is difficult to quantify [8, 33].

In order to obtain reliable data, some important points must be followed when

sieving [24]:

1. Particles must not be forced through the apertures.

2. Sieving should be continued to an end-point, i.e. until the amount of material
passing through ceases to affect the result significantly. With mechanical
shakers, each sieve removed from the stack must be given a final shake to
ensure that the end-point has been reached.

3. The aperture size marked on the sieve is only a nominal size. The actual value
can vary from this value, within the specified tolerances.

4. It is necessary to use sufficient material for accurate weighing and a small

enough sample to ensure sieving is completed in a reasonable time scale.

The main problems associated with sieving are blinding of the apertures, sieve cloth
sagging, abrasion of the particles and adhesion to the sieve or cohesion between
particles, especially when the powder consists of fine particles. Wet sieving may
prevent blinding and reduce the error due to adhesion or cohesion. Compressed air jet
is also used to increase the efficiency when dealing with fine or difficult flowing

materials. For accuracy, it is necessary that the sieves are regularly calibrated so that
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worn sieves can be removed from the stack. To prevent the build up of particles
trapped in the openings and to prolong the sieves’ useful life, each sieve should be
regularly cleaned. Removing lodged particles by brushing the wire cloth is often
necessary but should be done with the utmost care. Brushing increases the risk of
cloth variations, especially for fine mesh sizes, where the wires are more likely to

bend, distort or even break (8, 18].

4.3 Microscopy

Particle size analysis by microscopy is often used as an absolute method where the
particles are observed either visually or photographically by optical or electron
microscopy and the size is measured directly. This method also allows the
examination of the shape and composition of particles with size ranges varying from
sub-micrometers to few millimetres depending upon the type of microscope selected
[1, 4, 23, 34]. The image of the particle seen in a microscope is two-dimensional and
the size is usually expressed in terms of equivalent diameters, such as those defined

in table 2.2 (see chapter 2).

Recent developments in microscopy have included digital image processing where
the particle image is either obtained by a probe in a slurry or by passing particles
across an image field. Here, a digitised image of a particle is automatically measured
in two dimensions as a result of being reduced to its smallest picture elements
(pixels). Digitisation is intrinsically a sizing mechanism and the apparent particle size
is therefore determined directly. Pixel counting and sizing achieves accurate and
repeatable results through non-destructive means [35]. With automatic image
analysis, particles have to be singly dispersed to overcome any overlapping or

agglomeration of particles.

The most difficult problem associated with microscopy is the preparation of a slide or
a grid containing a uniformly dispersed, representative sample of the bulk. This
method is rather labour intensive and time-consuming. Other drawbacks are the

resolution of the image, the size and height of the field of view and the large number
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of particles required to be measured to obtain a size distribution. The dimension
measured is not necessarily the optimum since it is taken in some preferred direction

which is dependent of particle orientation [1, 23, 24, 36].

4.4 Sedimentation

Sedimentation techniques are among the longest established and most widely used
reference method for particle size analysis [37]. Particle size analysis by
sedimentation is based on the fact that particles of different size have different
settling in a suspending liquid. The simplest form of sedimentation is the settling of a
single homogeneous sphere, under gravity, in a fluid of infinite extent. Considering
the one-dimensional motion of the sphere, the main forces are gravity, buoyancy
originating from the difference in density between particle and fluid, and the resisting
forces due to the fluid viscosity. Here, gravity provides the downward force and

buoyancy and fluid resistance act as the upward forces [18].

The methods of sedimentation analysis can be classified according to the principles
outlined in table 4.1 [4]. The homogeneous method of particle suspension has
particles uniformly distributed over the whole sedimentation space; whereas, the line-
start method requires the particles concentrated in a thin layer on top of the fluid
medium [1, 4]. The measurement is either by an incremental method, where the
concentration of solids in a thin suspension layer at a specific level is measured; or
the cumulative method, where the total amount of solids above or below a specific

level is measured [18].

Table 4.1: Principles of sedimentation techniques

Suspension type | Measurement principle Force field

Homogeneous Incremental Gravitational

Line start Cumulative Centrifugal
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Sedimentation is usually carried out under gravitational force or using centrifugal
force. Gravitational sedimentation is capable of measuring sizes in range of 1-75 pm.
For particles below 1um, due to diffusion and long measurement periods, a
centrifugal field can be applied. Centrifugal technique measures the settling velocity
of a particle in a rotational motion and is capable of measuring particle sizes in the
range of 0.75-5 um. However, they are both susceptible to the high concentration
effect, long and varied settling times, particle shape, electro-viscosity and
interference between particles, especially in a mixture of powders. Additionally, most
sedimentation devices suffer from the effect of convection, diffusion and Brownian

motion [4, 10].

Particle size measurements by sedimentation require the particles to be discrete. Fine
particles that easily adhere to each other must be treated with dispersing agent that
does not react with them. The combination of dispersion agent and the suspension
fluid medium must also have a suitable viscosity and density so that the particles sink
with a suitable velocity. Generally water is used as the medium but acetone or

kerosene is sometimes used if the particles dissolve in or react with water [1, 4, 18].

4.5 Electrical Sensing Zone: The Coulter Principle

The electrical sensing zone method, based on the Coulter principle of particle size
determination is used for measuring the number concentration and size distribution
of particles or droplets suspended in electrolyte. The instrument based on this
principle draws a suspension of particles in an electrolyte through an orifice with two
electrodes fixed at either side of it. As the particle passes through the orifice, the
electrical resistance changes, giving rise to a change in the amplitude of the voltage
pulse. Such pulses can then be counted, and thus the number concentration of
particles in the known volume of suspension can be estimated. These pulse heights
are proportional to the particle volume and therefore the particle diameter derived

from this method is the equivalent volume diameter [10, 38].
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British Standard BS 3406: Part 5 [39] recommends that the orifice diameter should
be twice the largest particles in order to reduce the blockages and non-linear size
response. Particle concentration should be kept low and uniform to reduce the
coincidence of particle passage through the orifice. Also, wet sieving prior to analysis
should be carried out for a sample with a broad particle size range. An ideal size
range for this technique is 0.6-250 pum, since smaller particles will generate pulses
which are lost in electronic noise generated within the electronic circuitry and
therefore may not be sensed. For larger particles, the response will be non-linear and
these tend to block the orifice. The operating range for each orifice is 2- 60% of its
diameter. For powders having a wide size range, two orifice sizes are required or the

analysis needs to be combined with other techniques.

Measurements from this method are subject to errors due to coincidence, especially
at high concentrations of particles. The instrument relies on the assumption that
particles pass through an orifice tube one at a time, so that each counted pulse
corresponds to a single particle, and the pulse’s magnitude corresponds to a single
particle’s size. However, if two or more particles happen to pass through the orifice
in close proximity, the resulting signal will be a single pulse and it will be equal to
the sum of the individual pulse magnitudes. In this case, the device will register a
single particle having volume equal to the sum of the particle volumes. This does not
affect the total particulate volume that is observed, but it does reduce the observed
number of particles and increase the monitored mean size. The subsequent particle
size distribution therefore tends to be flattened slightly and skewed to larger sizes

[38].

The particle size determined by this method is dependent on the shape of the particle.
Flaky materials rotate as they pass through, leading to over-sizing; whilst extreme
shapes like rods may cause a change in size distribution if the whole shape cannot be
accommodated in the orifice [4]. If a particle contains pores, these will be filled by
the electrolyte solution leading to an untrue change in the voltage pulse. Pores
parallel to the electrical field lines are not measured, but the pores perpendicular to
the field lines do contribute to the measured volume [40]. The electrical properties of

the particle may also influence the size measurement, since the proportionality to the
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volume is different for conductive and non-conductive particles [41]. Care is required
with powder of wide size range, as any uncounted fraction may form a substantial

part of the distribution.

4.6 Scattering Techniques

Light, neutron and X-ray scattering techniques are used extensively to measure the
particle size and size distribution over a wide range of sizes. Here, when a source
beam strikes a particle, some of it is absorbed, some is refracted, some diffracted and
some transmitted, as shown in the figure 4.1 [4]. Using this technique, typically, an
incident beam of a given wavelength probes a particle, dispersed in a fluid, and the
intensity and angle of the scattered beam are analysed with a suitable spectrometer. In
this method, the intensity of the scattered beam emitted from an illuminated particle,
at a given angle to the direction of illumination (angle of scatter) is related to its size.
Through a mathematical algorithm, which is often complex the detected signal can be
converted to a particle size distribution. This technique, in principle can be used to
analyse powders in suspension, liquids, droplets and particles dispersed in air. It can
also be used for suspended particles in gas such as aerosols or particulate
contamination in the atmosphere. Powders that tend to be difficult to disperse can be

incorporated into a liquid containing dispersant [10, 42, 43].

Light scattering is the most popular of the three scattering methods used for particle
size distribution analysis. Figure 4.2 shows a schematic representation of a typical
light scattering instrument [44]. Three types of light scattering namely, forward
scatter, right angle scatter and wide angle scatter, are used to generate the scatter
patterns based on either the Mie scatter and the Fraunhofer diffraction theories [4,
45]. Mie theory assumes that the particles are optically homogeneous and spherical.
Deconvolution of the scatter pattern using Mie theory requires the knowledge of the
real and imaginary (absorption) parts of the refractive index. Fraunhofer theory
assumes that all materials absorb all incident light and that refraction of light through

particles does not occur. Hence, with Fraunhofer theory, only the particle diffraction
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is considered and the refractive index is not required. Fraunhofer theory is limited to

opaque particles that are large compared to the wavelength of light [4, 45].

This technique can typically analyse particles in the range 2-2000 um depending on
the optical lens being used with the analysis time in the order of one minute.
However, some available instruments are able to measure particles as small as 0.02
um by using right angle scatter [46]. Particle size determined from this method is a
function of its shape, light source, refractive index and the dispersion fluid in which
the particles are suspended in [47]. Calibration of the apparatus prior to an analysis is
therefore imperative. British Standard BS 3406: Part 7 [48] suggests that the
apparatus should be calibrated by particles previously analysed by an independent
method to take into consideration the shape and surface effects, and any optical
interactions between test powder, dispersion fluid and the instrument optics. Particle
sizes measured by light scattering methods are consistently larger than those obtained

by sieve analysis, primarily because of the lack of sphericity of the particles [43].

Use of light scattering in a harsh, production environment could also cause instability
in the laser beam position leading to coherent noise in form of laser speckle. But it
has been reported that the use of white, incoherent light eliminates the laser speckle,
where the white light is passed through a stream of particles and the diffraction of the
halogen-light is evaluated [9]. Agreements between light scattering instruments are
subject to algorithm design and the theories applied to enhance the accuracy of the
particle size distribution. This may include the diffraction theory applied, corrections
for scattering efficiency, function (curve) fitting and selection of refractive index

values [45].

Light scattering instruments do not produce flawless data for all materials over a
large particle size range. Errors are created by particle agglomeration, multiple
particles in the detection zone, light scattered by more than one particle, unknown or
improper relative refractive index, contamination in the carrier fluid, powder
sampling and particle settling prior to measurement [42]. Instruments based on the
Fraunhofer theory are unreliable due to the theory being applied to particles that are

too small in size; the diffraction pattern being sensitive to particle shape and errors
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associated with the calculations for the conversion of the diffraction intensities [49].
The corrections for scattering efficiency implemented in the calculations may lead to

over reporting of fines possibly observed as a ‘tail’ in the weight distribution [45].

Neutron and X-ray scattering, although more complicated experimentally than light
scattering, are used for analysis in the case of samples where optical wavelength
radiation cannot penetrate or is absorbed by the particle. An X-ray is passed through
a cell packed with the sample powder. As the incident X-ray waves penetrate the cell,
they are diffracted by the powder and are detected by a counter. The intensity and the
angle of each X-ray diffraction peak recorded by the counter are in the form of a
diffraction pattern, from which the crystallite size can be measured. The crystal size
measured by this technique is smaller than the measurement limit of the optical or
electron microscope [1, 10]. The structure of a crystal is more readily analysed by
using neutron method, which is able to provide information on the crystallite size and
the lattice strain of fine crystals since a powder is an assemblage of fine crystals.
However, the results obtained by this method are only the average values of fine

crystal particles examined and consequently they are of only indicative value [1, 8].

4.7 Photon Correlation Spectroscopy

Photon correlation spectroscopy, also known as quasi-elastic light scattering (QELS)
or dynamic-light scattering (DLS), is one of the more mathematically complicated
techniques for measuring particle size. Here, the particles are suspended in a non-
moving slurry and a laser beam is passed through them. Random movement of the
particles created by Brownian motion causes the intensity and angle of the scattered
light to fluctuate with time. The intensity of the scattered light is monitored as a
function of time. The diffusion coefficient of the particles is measured from the
intensity auto-correlation function determined experimentally by the digital
correlation techniques. An average effective size, or hydrodynamic diameter is then
calculated for the particles using the Stokes-Einstein relation between the diffusion

coefficient and particle diameter [42, 43].
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Photon correlation spectroscopy can make measurements in relatively short time of
few seconds or minutes and can theoretically detect particles down to 1 nm. It is an
absolute method capable of handling very small quantities of sample. Like other non-
imaging techniques, an equivalent sphere diameter is assumed regardless of the
particle shape. Although less sensitive to dust as compared to other light scattering
techniques, the suspending liquid must be non-absorbing, relatively clear, and not too
viscous. However, it does not produce an accurate particle size distribution, so it
should be used only as a method for measuring the mean particle size. Also, when
measuring particle near the upper detection limit, a ‘sweeping tail’ appears at the

coarse end of the distribution {42, 50].

4.8 Vibro-Fluidisation

The principle of vibro-fluidisation for particle size measurement was first employed
by Mahgerefteh et al. [51, 52]. The technique is simple and relies on the fact that
when a container partially filled with a powder is vibrated in the vertical direction
with a maximum acceleration greater than that due to gravity, the particles inside the
container effectively become fluidised. The degree of damping experienced by the
vibrating system is a direct function of average particle size; larger particles give rise
to a higher degree of damping. Hence the average particle size for the same mass of
the powder may be directly related to the resonant amplitude of vibration. The
authors showed that the sample mass may be accurately and easily determined from a

simultaneous measurement of resonant frequency.

Figure 4.3 is a schematic representation of the vibro-fluidisation device [53]. The
unit basically comprises a vibrating cantilever in the form of a 3 mm diameter and ca.
100 mm steel rod (1) which is driven into sinusoidal transverse vibration using a
suitable electromagnet (2) placed under its free end. The powder under test is placed
in an aluminium measuring pan (3), which is in turn mounted on to the free end of
the rod. The pan is cylindrical in shape with a ca. 15 mm i.d and an overall length of
ca. 20 mm. The top end is suitably threaded to take on a cap (5) to prevent the escape

of powder during vibration.

Chapter 4 52 Particle Sizing Techniques



& #2:6

%

#

% (

% # )+#

(

C



The pan is normally filled with up to about one third of its volume with the powder
in order to facilitate fluidisation. The reed is securely clamped in between two mild
steel jaws (6) and high tensile bolts (7). The vibrations are detected using an optical
detector comprising an infrared emitter and receiver (4) placed at either side of the
reed. The whole assembly is supported by a base plate (8). The system operates in the
resonant frequency range 50-60 Hz, corresponding to amplitude of vibration of ca. 1
to 2 mm. The maximum acceleration is between 99 and 288 m/s as such the particles

remain in a fluidised state throughout measurements.

Figure 4.4 shows the variation of the resonant amplitude of vibration with average
particle size for 1 g charges of variety of powders in the size range 20 - 900 pum [52].
As it may be observed, the resonant amplitude is a marked function of the particle
size in the range 20 - 150 um following which the system’s sensitivity is dramatically
reduced. Also, despite following similar trends, the data for different powders are
shifted relative to one another, with the degree of shift being directly related to the
sample bulk density. Using the data in figure 4.4 in conjunction of an empirically
derived equation relating the amplitude of vibration to the particulate density,
Mahgerefteh et al. [52] were able to use the technique to produce average particle
size data. However apart from the relatively low sensitivity (ca. 20 pm), the
principal drawback of the system was its inability in producing particle size

distribution data.

4.9 Vibro-Spring Particle Size Analyser

Shaeri [12] developed a particle sizing technique employing a vibrating spring which
to a large extent, overcame most of the problems associated with the earlier work by
Mahgerefteh et al. [51, 52]. A full detail of the instrument, together with a review of
its performance is given in Chapter 5. In principle, the instrument comprises a
horizontally held close-coiled helical spring that is partly filled with the powder
under test. The technique works on the basis of the simple fact that when the spring is
stretched and vibrated in the transverse direction using simple harmonic motion, the

particle size of the powder discharged from the spring coils is related to the spring
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extension. The weight of the powder discharged on the other hand can be determined
directly using a conventional balance. Data on the particle size distribution is then
provided as a simple plot of percentage mass of discharged powder versus the
corresponding particle size. The system was successfully tested in conjunction with a
variety of dry powders in the size range 75 - 1000 um. A typical resolution in size
measurement was ca. £ 20 um. Despite its success in producing particle size
distribution data the system’s principal drawback was its inability to allow in situ
measurement of the mass of the powder within the spring. This severely limited its

application as a rapid technique for particle size distribution analysis.

4.10 Ultrasonic Techniques

Ultrasonic measurement involves applying a sonic beam plane through a slurry and
generating a plane sound wave. The electro-acoustic signal from this is attenuated
and related to the particle charge, size and concentration. Typically, two frequencies
are used in order to isolate the size dependency from the concentration effect [43].
Their obvious advantage over other techniques is its non-intrusive nature thus
offering the potential for in-line particle size measurement. However, technology is
still at its infancy suffering from a number of drawbacks. These include the system's
response being dependent on the physical properties of the particulate, the
suspending medium as well as ambient temperature and pressure thus requiring

extensive calibration.

4.11 On-Line Analysis

On-line particle size analysers are required to make particle sizing less labour
intensive and more automatic so that they can provide useful data in short time scales
[23, 54]. Such capability permits real-time and unattended measurement from which
conclusions can be drawn fast for immediate and timely manual or automatic
teedback control. Through such monitoring, energy consumption and waste can be

reduced while the output is increased [5]. Generally, on-line analysers include a
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sampling procedure that includes a collection of an iso-kinetic sample and its

transportation to a particle size measuring zone.

Following analysis, the sample is either returned to the process stream or is disposed.
Problems associated with automated sampling include limited capacity of a sampling
device, an appropriate procedure for processes that include pneumatic transporting of
sample and contamination of the sampling and measuring devices. Restrictions on
exposure to toxic and hazardous materials such as pharmaceuticals and food products
require special attention when extracting and disposing a sample during on-line

analysis [7].

Malvern Instruments Ltd [55] markets an on-line particle sizer based on air injection
of the test particles through a laser beam. Apart from being expensive and suffering
from all the problems synonymous with laser diffraction techniques, the system
response is dependent on operating conditions such as the injecting air pressure and
exposure time of the particles to the laser beam. The inevitable size segregation of
the particles within the jet stream and its adverse effect on the recorded signal is a

fundamentally important flaw associated with this technology.

Insitec has developed an in-line concentration and particle size distribution analyser
for use in pneumatic flow transport of dry powders based on ensemble laser
diffraction [56]. However, apart from being expensive, the system’s response is
subject to errors caused by the variations in suspension conditions, solvent,
temperature and focal point position. This leads to considerable errors in the size
determined for dispersed sample, as the measuring system needs to be adjusted for

each particle size range [57].

4.12 Conclusion

The large number of techniques available for particle sizing is testimony to the

enormous number of particle sizing applications. These techniques are extremely

diverse and although each has its attractions, the majority are prone to noise and bias
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of their pertaining theoretical concepts. The review shows that it is important to
select a technique that meets the actual requirements of the application in question
and versatile as many current instruments may be; the one that does everything has
yet to be produced. No single technique covers all sizes of interest, nor within a size
range, is any single technique capable of handling all types of sample [5, 50, 58].
Hygroscopic materials have to be dispersed in a liquid with a surfactant to minimise
the moisture effect. In dry powders, particles should not be agglomerated or touching

one another [23, 42].

Particle sizing instruments based on techniques such as sieving, sedimentation, image
analysis, electrical and optical sensing zones, light scattering and photon correlation
spectroscopy have found wide applications. However, the majority are either
expensive, fragile, require complicated operating procedures or capable of handling
only small samples, which is not representative of a bulk sample. The operating

principles of some instruments are also unreliable.

The indirect measurement instruments do not measure the absolute particle size but
an index of particle size that relates to the three dimensional shape of a particle.
Techniques based on scattered light such as laser light scattering or dynamic light
scattering calculate particle size from the particle volume since light scattering is a
direct function of the particle volume. Electrical zone sensing and time-of-flight
instruments are true particle counters, measuring the number distribution and later
calculating the volume distribution. Because of this difference in models and
measuring principles, the data obtained from instruments can vary significantly, even

if the same sample is measured [42].

Particle overlap leads to bias in the size data in imaging and field scanning
instruments where the instrument algorithms cannot compensate for the layers of
particles presented for analysis. Particle size segregation will cause more large
particles to be exposed and measured, hence, making the measured particle size
distribution coarser than the true particle size distribution [54]. Transparent particles
give different diffraction patterns than the opaque particles [23]. Variations in the

instrument’s ability to deliver the sample to the measurement cell without particle
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settling may also cause discrepancy. This discrepancy will increase with increasing

particle size [42].

Despite the importance of rapid particle size measurement for process control
applications, no practical instrument for this purpose exists. There are two
possibilities for acquiring such data. These include in-line and on-line measurement
capability. In-line analysis is by far a more attractive option of the two as it is non-
intrusive thus circumventing all the problems associated with sample selection and
production line interruption. Attempts based on light scattering and ultrasonic
techniques for in-line applications have had very limited success. On-line analysis
involves iso-kinetic extraction of a sample from the process stream followed by
analysis. Although the ancillary equipment for the latter is readily available, the
complementing technology for rapid size analysis of the extracted sample does not

exist.

The vibro-spring particle sizer developed by Shaeri [12] offers several advantages
which make it a likely candidate capable of addressing the majority of the
shortcomings associated with most of the techniques cited in this review. The device
is simple, robust and does not require skilled operators. It is in principle capable of
handling relatively large amounts of powder thus overcoming sample representation
problems which is synonymous with a large majority of particle sizing techniques

available.

As compared to sieves, the spring particle sizer is in principle capable of producing
an infinite number of size fractions as opposed to the restricted numbers dictated by
the number of sieve trays employed. A further problem associated with sieves is
blinding. In practice, this can result in significant ‘down time’ resulting from having
to clean the wire meshes. Also the cams that produce the shaking action wear,
affecting reproducibility. Neither of these factors are a problem with the spring
particle sizer. The slight oscillatory variation of the spring coil aperture during
vibration acts as a natural de-blinding mechanism. Also, if any particles do
eventually get trapped in between the spring coils, they are automatically dislodged

as the spring is extended.
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Apart from low resolution however the principal drawback of the above technology
is its inability in measuring the mass of each separated fractions in situ thus limiting
its use for online applications. In such circumstances, reproducibility is as important
as absolute measurements since operators are frequently interested in knowing
whether the size distribution of a product is becoming coarser or finer. Following the
development of automatic mass measurement capability, on-line applications may be
served essentially by construction of a suitable sampler allowing extraction, analysis

and recycling of test samples back into the process stream.
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CHAPTER 5

EXPERIMENTAL

As highlighted in the previous chapter, apart from low resolution, the principal
drawback of the spring particle sizer reported by Shaeri [12] was its limitation in
providing in situ measurement of the sample mass within the spring. In this chapter,
the design and development of various prototype particle sizers ultimately leading to
in situ mass measurement capability are presented. The development of the ancillary
components enabling full automation is also given. This includes pneumatic sample
feeder, gear mechanism for extension of the spring as well as details of the
associated electronic drive and monitoring systems. The chapter also includes an
account of the optimum spring design criteria for providing maximum resolution in
particle size measurement. A systematic review of the design followed by
performance evaluation of the initial spring particle sizer reported by Shaeri [12] is

presented first.

5.1 Initial Design

Figure 5.1 is a schematic representation of the spring particle size distribution
analyser reported by Shaeri [12]. Here, one end of the spring (1) is securely attached
to one side of a main chamber (2) whilst the other end, permanently sealed, is
securely attached to a 100 mm long 12 BA screw (3) via a positioning plate (4)
mounted on two slide rails (5,6). The spring (1) is made from 1.2 wire diameter
stainless steel with internal coil diameter and length of 10 mm and 120 mm
respectively. Its extension is adjusted by winding or unwinding the screw (3). The
latter may be carried out either manually or via a computer controlled stepper motor

(10) as indicated in plate 5.1.
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A plastic feed elbow (7) is used to direct test sample into the spring. The whole
assembly is mounted on top of a variable frequency vibration generator (8) used to
fluidise the test sample. Segregated samples discharged through the spring’s
openings are collec;ed in a number of glass containers (9) attached to a carousel
driven by a second computer controlled stepping motor. Particle size distribution
data is obtained from a plot of the cumulative percentage mass versus the
corresponding mean particle size. The latter is inferred from the spring linear

extension and the number of active spring coil gaps being used for the discharge.

Shaeri tested the performance of the above system in conjunction with a variety of
powders with different shape and flow characteristics including glass ballotini, coal,
sand and alumina. For a test size range of 75 — 1000 pm, the typical resolution was

ca. + 20 pm.

Figures 5.2 and 5.3 respectively show typical data demonstrating a comparison with
sieves in conjunction with glass ballotini and sand particles [12]. Each test is
repeated twice in order to demonstrate reproducibility. As expected in the case of
the spherical particles, relatively good (ca. 5%) agreement between the two
measurement techniques is obtained. The disagreement in the sand data was
attributed to the different exit orientation of the test particles in the case of the
spring as compared to the sieves. Scanning electron microscopy of the discharged
samples revealed that in the case of the spring, the characteristic size measured was
an intermediate between the largest and the smallest particle dimensions [12]. For a
range of powders tested, this characteristic size was always somewhat smaller than

that indicated from sieves.

Shaeri identified the finite bending of the spring as main factor responsible for the
relatively low size resolution of the system [12]. This will result in non-uniform
opening of the spring coils thereby introducing an error in size measurement when
the latter is inferred from the spring linear extension. In an attempt to address this,
Shaeri developed a mathematical model predicting the spring dynamic profile (and

hence the intercoil gaps). The model also related resonant frequency to the sample
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mass, physical characteristics of the spring and the vibration intensity; thus in

‘principle’ enabling in-situ mass measurement.

Figure 5.4 shows the variations of measured and predicted resonant frequencies
with spring tension for various charge masses of glass ballotini in the size range
1000 - 1200 pm. The maximum coil gap for all these tests is limited to ca. 800 um

so that at no time any of the particles are discharged from the spring coils.

As it is clear from the data, the resonant frequency decreases with sample mass and
spring tension. However, the agreement between theory and experiment is relatively
poor. For a typical frequency/mass sensitivity of +0.5 Hz /g, relying on the
measurement of sample mass within the spring from the resonant frequency and the
developed model will result in ca. £20% error for a total 5 g charge mass. This is
unacceptable for a commercially viable instrument when combined with the

uncertainty in size measurement (ca. = 20 pm).

Shaeri [12] attributed the shortcomings of his theoretical model to the implicit
assumptions requiring that the sample mass is uniformly distributed within the
spring and that there is negligible levitation of the particles during vibration. In
practice the finite bending of the spring will result in the migration of the particles
towards its midpoint. Also, experiments at different amplitudes of vibration
indicated that the finite inevitable levitation of the test particles will always result in
a reduction in their ‘effective mass’. This mass depends on a number of interacting
factors such as particle/particle and particle/wall interactions, the magnitude of
which will inevitably depend on the nature of the particles. In practice, these are

extremely difficult to model.

Additionally, the measurement of the spring resonant frequency using conventional
transducers such as those based on light beam interference techniques represents a
practical problem due to its non-uniform surface topography and complex vibration
profile. Attempts at measuring the sample mass from the resonant frequency of the
whole vibrating structure were unsuccessful due to the relatively small mass of the

test powder compared to that of the supporting structure.
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5.2 Present Study: Design and Development of Various Prototypes

5.2.1 Mark I design

Figure 5.5 and plate 5.2 represent a schematic representation and a photograph of
the first prototype ‘rocking design’ particle sizer aimed at overcoming the problems
associated with the early design. In this arrangement, the supporting structure is
replaced by a compass (1), one end of which is mounted with the spring while the
other is attached to the vibration generator (2) via a vertically held spring steel strip
(3). The compass is pivoted at approximately mid point along its length using a
horizontal threaded rod (4) mounted with two specially designed low friction
bearings (5). The spring extension may be adjusted by winding or unwinding the
threaded rod (4). Vibrations are monitored using an infrared detector (6) focused on

the spring (7).

The above unit offers the advantage of a much lighter structure which in any event
makes little contribution to the effective mass of the vibrating assembly as its mass
is largely supported by the pivots. Here, the spring rocks following path of an arc as
opposed to the earlier design where it vibrated in the same plane as the vibration
generator. However, the results of extensive tests revealed that the direct contact

with the bulky vibration generator severely reduced the mass/frequency sensitivity.

5.2.2 Mark II design

Figure 5.6 and plate 5.3 show a modified remotely driven version of the above.
Here, the vibration generator is replaced by an electromagnet (1) which acts on a
horizontal spring steel reed (2), one end of which is attached to the compass pivot
(3) and the other, firmly clamped to a supporting wall (4). Vibrations are monitored
using an infrared interference detector (5) focussed on the spring steel reed (2). As
the system is driven into resonance using magnetic flux linkage, the problems
associated with the interference of the drive mechanism with the vibrating system

are effectively removed. Another important feature of this new design is the fact
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that the mass of the powder retained in the spring can now be directly measured by

tuning to the resonant frequency of the spring steel reed (2).

However, mass calibration tests have shown that the main drawback of the above
design is the inevitable change in the tension in the reed (2) following the extension
of the spring (6) thereby affecting the measured resonant frequency. This is mainly
because of the finite horizontal displacement of the point of contact between the

compass and the reed.

5.2.3 Mark III Design

Figure 5.7 is a schematic representation of an improved design based on a rocking
type mechanism. Figures 5.8-5.11 show schematic representations of the various
components in isolation. This design is a much more elaborate version of Mark II in
which the compass is replaced with two specially shaped rectangular cross section

bars (2) made of a lightweight material such as duralumin.

One end of the bars is mounted with the spring (1) whilst the other is suitably
threaded to take on a control screw (3), which is left and right hand threaded at
either end. With this arrangement, winding or unwinding of the control screw via a
flexible wire connections, later replaced by a retractable gear mechanism (see
section 5.6), to a computer controlled stepping motor (4) (RS Components, type
440-458, 1.8° step angle) causes the inward or outward movement of the two arms
in concert and hence the spring extension may be controlled in this way. The control
screw (3) can also be operated manually by turning disk (6) but the extensions

achieved by manual operation are not so precise.

The test sample may be introduced into the spring via a plastic funnel (7) mounted
at one end of the spring (1). The two bars (2) are held in the same horizontal plane
during vibration by passing through a specially constructed T-shaped piece (8)
which is capable of movement normal to its major axis only. One end of the T-
shaped piece 1s attached to the main supporting frame (9) via pivoted contacts (see

later) whilst the other L. shaped end is mounted with a mild steel disk (10) to
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