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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 p,m 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 

‘intercoir 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 |Lim .



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 com 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 modem 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 [Ij; 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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cernent; 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, émulsification, 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 

l eadjustment 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 constmction 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 p,m 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 =  (l>sD^p, (2 . 1)

where,

s = surface area of a particle 

Dp = 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=(jK D̂ p, (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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Particles can be related to a variety of equivalent diameters including: diameters of 

spheres having same properties as the particle itself (e.g. volume, settling velocity); 

diameters of circles that can closely match the projected outline of the particle (e.g. 

projected area or perimeter); or statistical diameters obtained by measuring a linear 

dimension (usually by microscopy) parallel to a fixed direction and defined in terms 

of the mean value for a particular particle. The definitions of particle equivalent 

diameters are shown in table 2.2 [4, 21, 22].

For particles with large aspect ratios, the various particle size indices may yield 

significantly different results for the same material. However, for low aspect ratio 

particles, the particle size indices will yield similar, but not identical, results. Figure

2.1 demonstrates some particle shapes that could all give same value for diameter 

[23, 24].

Figure 2.1: Particle shapes that could result in same diameter.

2.4 Particle Size Distribution

Very few, if any, practical particulate systems are mono-sized. Particle size 

distribution indicates the range of sizes included and the quantity present of each size 

within a sample powder. Many methods are used to define the size distribution of 

finely divided materials. Care is required to ensure that the measurement device does 

indeed measure all of the particles in the sample concerned without omitting particles 

in either the large size or small size end of the distribution [3, 21].

The measured quantity can be the number, surface or mass (or volume) of particles in 

each size class or range. The number of particles in specific size ranges is defined by
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Table 2.2: Definitions of particle equivalent diameters.

Symbol Diameter Name Definition

d y Volume Diameter of a sphere having the same volume as the

particle

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

the particle

d s v
Surface-volume Diameter of a sphere having the same external

surface to volume ratio as the particle

d d
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

4
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

dst Stokes Free-falling diameter in the laminar flow region

dA
Sieve Width of the minimum square aperture through

which the particle can pass

d a
Projected area Diameter of a circle having the same projected area

as the particle in a stable position

d p Projected area Diameter of a circle having the same projected area

as the particle in a random orientation

d c
Perimeter Diameter of a circle having the same perimeter as the

projected outline of the particle

d p Feret Distance between two tangents on the opposite sides

of the particle

% Martin Chord length which bisects the particle image into

two equal areas

d p 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 lower 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 jim [24, 26].

2.5 Average diameters
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Mass Percent

Equivalent Spherical Diameter

Figure 2.2: A sketch illustrating a typical frequency distribution plot.
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Figure 2.3: A sketch of a cumulative oversize and undersize distribution.
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Figure 2.4: A sketch of a log-log cumulative size distribution plot.
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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 ai and is 

retained in a sieve of aperture ai, the arithmetic mean is defined as:
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da = (ai+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 = (a,a2)‘" (2.4)

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

is constant. It is expressed as:

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:

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

important. This statistical quantity is given by:

drm s — y (M/d')

C hapter 2 27  Particulate Characteristics



The values of overall mean diameters calculated from equations 23-1.1  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 

(FFE) including clothing, spectacles, respirators may be needed. When dealing with 

toxic or hazardous materials like pharmaceuticals, respiratory protective equipment 

(RFE) 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 Bun ville [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.

C h apter 4  4 0  Particle Sizing T echniques



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 |im. 

For particles below Ijim, 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 p,m. 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 jLim, 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 pm 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 

pm 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.
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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 pm [52]. 

As it may be observed, the resonant amplitude is a marked function of the particle 

size in the range 20 - 150 pm 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 jam. A typical resolution in size 

measurement was ca. ± 20 jam. 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 

lesponse 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 

feedback 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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Figure 5.1: A schematic representation of an early version 

of the vibro-spring particle sizer. [12]
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Plate 5.1: A photograph of the early design of the 

spring particle sizer.
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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 collected 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 p.m, 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 p.m. The maximum coil gap for all these tests is limited to ca. 800 p.m 

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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Figure 5.6: A schematic representation of the Mark II design.
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Plate 5.2: A photograph of the Mark I design showing compass 

system adjoined to the vibration generator.
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Figure 5.5: A schematic representation of the Mark I design.

C hapter 5 72 E xperim ental



Plate 5.3: A photograph of the Mark II design showing compass 

system with remote driving mechanism.

1- Electromagnet 

3- Compass pivot 

5- Infrared detector

2- Spring steel reed 

4- Supporting wall 

6- Spring
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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 M ark  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 is 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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1- Spring
2- Rectangular bars
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4- Stepper motor
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6- Control disk
7- Funnel
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10- Steel disk
11- Electromagnet
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17- Base support legs
18- Pivots

Figure 5. It The principle layout 
of the ‘rocking’ 
cantilever system.



Figure 5.8: A sketch of the spring assembly.
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facilitate magnetic flux linkage with the electromagnet (11). The distance between 

the steel disk (10) and the electromagnet (11) is 4mm.

Resistance to lateral vibration is offered by a rectangular spring steel reed (12) with 

the dimensions of 90 mm L, 13 mm W, 1 mm D. One end of the reed is attached to 

the T piece (8) whilst the other is securely clamped to a duralumin support block 

(13). The effective length of the reed may be controlled by sliding the support block 

(13) along a previously grooved base plate (14). The reed is tuned into resonance 

vibration using an automatic regenerative feedback loop (see section 5.3) [53] and 

its vibrations are detected using an infrared reflector (15) supported on a sliding 

block (16). This arrangement allows the positioning of the detector at any point 

along the reed’s length.

The above system offers the unique advantage of allowing a change in the spring 

length without affecting the tension in the reed (12) thereby circumventing the 

frequency/tension dependency experienced in the previous version. This is made 

possible as the spring control screw (3) is able to slide along a previously grooved 

slot in the T piece (8) in response to spring extension. The whole structure is 

supported on four cylindrical legs of 2 cm diameter and 5 cm height (17)

Several pivot mechanisms have been designed to give various degrees of 

experimental success. These are described in section 6.7. Figure 5.7 shows a 

variable force spring loaded pivot (18), although the first pivot design utilised is 

based on a cup and cone arrangement. Figure 5.12 shows a sketch of the cup and 

cone pivots used to link the T-piece and the main supporting frame. A shaft in the 

supporting frame is suitably curved to fit firmly around the edge of a ball bearing 

fixed to the end of the T-piece. Unless otherwise specified, the results of all the 

proceeding experiments have been obtained in conjunction with the cup and cone 

pivot.
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Figure 5.12: A sketch of the cup and cone pivot.
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5.3 Electronic Drive and Detection System

The electronic drive and detection system is a more sophisticated version of the 

circuit described by Briscoe et al. [59]. Basically, the reed is mechanically excited 

by a magnetic flux generated via a solenoid which is constructed from a laminated 

rectangular soft iron core wound with approximately 400 turns of 0.5 mm diameter 

cooper wire. The electromagnet is driven by a pulsating alternating current supplied 

from a sine square oscillator (Farnell, type LFM4, ±1 x 10-3 Hz resolution) 

incorporated in a 30 W power amplifier. The pulsed drive signal attracts the reed 

towards the electromagnet for only part of a full cycle thus minimising the degree of 

interaction between the drive and the oscillator [60]. This is manifested in a more 

stable and efficient mode of operation as compared to a continuously driven system. 

The duration and the phase lag of the drive pulse relative to the reed signal may be 

adjusted at will via suitable arrangements incorporated in the power amplifier. It is 

found from experiment that optimum conditions in terms of reed stability 

correspond to the pulse signal with a duration approximately one eighth of the 

reed's period of oscillation together with a 90° phase lag as dictated by the resonant 

criteria [61, 62].

The resonant frequency may be determined either manually or by automatic tuning. 

In the former case, the system is simply driven into resonance by varying the 

frequency of the induced vibration using the oscillator and observing the frequency 

corresponding to the maximum amplitude of vibration as monitored by a suitable 

detector. This mode of operation is useful for studying the system’s characteristics 

but is of limited value for the monitoring of transient responses.

Figure 5.13 shows the electronic circuit diagram of the automatic tuning system that 

overcomes the problem associated with manual tuning. This is operated by feeding 

back the detected signal to the driving system thus forming a closed loop. The 

system then automatically tunes to the primary resonant frequency, operating on the 

basis of a regenerative feedback loop [63].
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Figure 5.13: Electronic circuit diagram of the automatic tuning system.



A number of transducers operating on the basis of different principles for measuring 

vibration amplitude and frequency were evaluated. These include infrared 

interference and reflective detectors, Hall effect transducers as well as strain gauges. 

The strain gauge was the most sensitive, however, the direct contact with the reed 

caused instability and interference during vibration. The spring particle sizer 

employs a reflective traducer (RS Components, type 307-913) that can be remotely 

mounted and therefore the interference with the system is eliminated. This 

transducer is based on the principle of emission followed by detection of infrared 

light signal that is reflected from the vibrating part of the structure.

5.4 Spring Design

Design of an extension spring with linear characteristics in which the intercoil 

distance remains uniform in response to an applied tension is the most important 

criteria in minimising the error in size analysis. This is primarily governed by 

several factors including spring material of construction, wire uniformity, the 

residual tension and the uniformity of the applied tension during the winding 

process as well as the heat treatment applied during the manufacturing stage.

The material of construction dictates the elastic properties of the spring. High 

modulus of elasticity, low density, high resistance to wear and corrosion as well as 

low temperature coefficient of expansion are preferred. This makes a ceramic as the 

ideal material of construction. However this material is unsuitable due to 

manufacturing difficulties and its brittle nature.

Wire uniformity ensures complete coil contact when the spring is closed and a 

constant aperture diameter when it is extended. Experiments with various springs 

have indicated that the linearity in response increases with residual tension. The 

latter is defined as the minimum amount of force required just prior to causing the 

opening of the spring coil gaps. Residual tension can be applied to a spring during 

the winding process. Apart from ensuring uniform spring opening, the residual 

tension also reduces spring ‘sagging’ during extension with superimposed vibration.
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According to Roberts [64] the spring index (ratio of coil to wire diameter) is also 

another factor influencing residual tension. In practice, the residual tension 

decreases with spring index.

During winding, the tension between the spool holding the wire and the spring 

winding coil should be kept constant to ensure minimum variation in tension between 

successive coils. For this, the spool of wire should be moved at the same rate as the 

winding coil to minimise any tension variation. The exposure time of the wound coil 

to heating and the subsequent cooling cycle should be equal along the spring length 

to ensure uniformity in the spring openings. One way to ensure this is to make units 

of ‘small’ spring lengths. Also the temperature rise and fall should be gradual rather 

than sudden.

Table 5.1 shows the main characteristics of springs commisioned in accordance 

with the above criteria. Two types of spring are used. Small spring is based on the 

spring used by Shaeri [12], whereas the large spring is designed to increase the 

spring capacity. This will help to deal with larger sample volume which would more 

representative of the bulk sample. The spring stiffness, k in the table is given by 

[65]:

d^G
k =  T (5.1)

SnD^

where,

G = Modulus of rigidity (N/m^) = 8.0 x 10^  ̂N/m^ for stainless steel [66] 

d = wire diameter (m)

D = Coil diameter (m) 

n = Number of active coils

The stepper motor used for extending the spring has a holding torque of 500 mNm 

and with use of a gearbox of (RS Components, type 718-852, ratio 5:1) provides a 

maximum coil gap of 1 mm.
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Table 5.1: Characteristics of the main springs used.

Spring characteristics Spring (type A) Large spring (type B)

Wire diameter, d 1.63 X 10^ m 2.34 X 10  ̂m

Coil diameter, D 12 X 10 ^ m 25 X 10  ̂m

Spring length, 1 105 X 10'^ m 56 X 10'^ m

Number of active coils, n 63 24

Spring internal volume, V 6.3cc 18.6cc

Spring stiffness, k 648.43 N/m 799.53N/m

Spring Index 7.36 10.68

Initial Residual 

Tension [67]

31% of the 

maximum spring 

load

21% of the maximum 

spring load

Maximum coil opening 1000 |Lim 2329 |im

The performances of these springs were evaluated. This involved examination of 

spring coil openings uniformity in conjunction with spherical particles, the 

measurement of the amount of tension require to cause spring extension, and visual 

examination of the spring profile during vibration. Figure 5.14 shows a typical 

response for spring type A showing the variation of spring intercoil distance plotted 

against the angular rotation of the spring extension control screw (6) (see figure 

5.7). The spring intercoil distance, dg is calculated as the ratio of the spring length 

and the number of active coils. As it may be seen, dg increases in a linear manner in 

response to the applied tension. The excellent reproducibility in response indicates 

the absence of hysterisis in the ranges tested.

Figures 5.15 and 5.16 show the variation of spring coil gap with particle size for 

spring types A and B respectively. The vibration amplitude is ca. 20 mV 

corresponding to a maximum displacement of ca. 2mm as measured at the spring 

end of the cantilever. These experiments were conducted by charging the spring 

with different sieve cut sizes of 3 g glass ballotini particles, in the range 58 -  600
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Figure 5.14: Extension characteristics of spring type A
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|im, gradually extending the spring for each size fraction and recording the spring 

intercoil gap and the corresponding sieve cut size at the onset of particulate 

discharge from the spring coils during vibration.

As it may be observed, the data follows a linear trend. Also, the agreement with the 

45" line indicates that spring intercoil gap as estimated from the spring length and 

the number of spring coils provides a relatively accurate measurement of the 

discharged particle size. The effect of spring bending during vibration on the spring 

intercoil gap is insignificant. Based on the standard deviations of the data from 

linearity, the resolution in particle size measurement for the small spring (type A) is 

ca. ± 11 p,m and for the large spring (type B) is ca. ± 3 p.m.

5.5 Feed Mechanism

Figure 5.17 shows a perspective drawing of the pneumatic feed mechanism designed 

to enable the feeding of the test powder into the spring. The system comprises a feed 

hopper (1), a hinged supporting arm (2) and a compressed air supply line (3). The 

feed hopper (1) is held at the free end of the supporting arm (2) where it is positioned 

directly above the spring inlet receptacle (4).

With the spring (5) closed, the supporting arm (2) is driven by a solenoid (6) which 

lowers the outlet of the feed hopper into receiving receptacle (4). During 

measurements, the feed mechanism is kept clear of the receptacle (4) as well as the 

spring (5) by the compression spring (7) that raises the feed arm (2) when the 

solenoid (6) is disengaged. With this arrangement contact between the feed 

mechanism and spring is only made during a feeding cycle. Test particles are 

encouraged to flow into the spring (5) by compressed air (5 psig) which is supplied 

through a 3 mm id flexible polystyrene tubing (8) mounted on the supporting arm (2). 

The air is directed into the hopper via a suitably positioned 2 mm diameter stainless 

steel standpipe (9) and leaves the spring through a 25 |im mesh wire gauze (10).
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Figure 5.17: A sketch of the pneumatic powder feed mechanism
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With this arrangement, small and light particles tend to float around in the feed 

hopper and there is also a possibility of a back flow of the sample material out of the 

feed hopper. Additionally, the intrusion of the standpipe used to convey compressed 

air into the feed hopper might cause obstruction of the powder flow. The above is 

overcome by introducing a hollow cylindrical cap on top of the feed hopper with a 

funnel attached at the top. The lower base of the cap is perforated and connected to 

compressed air. The sample is introduced via the funnel and the compressed air is 

conveyed through the cap and the standpipe simultaneously. The cap provides a 

vacuum effect ensuring there is no back flow in the feed hopper. The additional air 

flow introduced through the hopper cap extra air ensures that the feed hopper is clear 

of any sample accumulation.

5.6 Gear Mechanism

Initially, a stepper motor extended the spring with direct attachment to the control 

screw via a flexible wire. This caused interference with vibrations during 

measurements, influencing the system frequency/mass sensitivity to varying degrees 

depending on the spring extension.

Figure 5.18 shows a schematic representation of a retractable spring extension 

mechanism incorporating four plastic gears which overcomes the above problem. 

Gear 1 is mounted onto the control screw which adjusts the extension of the arms. 

Gears 2, 3 and 4 on the other hand are permanently linked together and are assembled 

in a triangular formation. These gears are housed in a specially machined brass casing 

which maintains their alignment. The latter assembly is mounted directly below Gear 

I and is held in position by a pair of extension springs.

During operation. Gear 2 is attached to a stepper motor shaft whilst gears 3 and 4 are 

used to open and close the spring respectively. The rotation of the stepper motor 

raises either Gear 3 or 4 upward in order to link it with Gear 1. The respective motion 

of the gears results in the spring being opened or closed.
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CHAPTER 6

PERFORMANCE EVALUATION, DISCUSSION OF 

RESULTS AND FURTHER DEVELOPMENT

In this chapter, detailed evaluation of the performance of the rocking spring particle 

sizer followed by its design optimisation is presented. The performance evaluation 

tests have involved 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 its material of construction on the systems’ 

mass resolution are also investigated.

The feasibility of in situ mass measurement using two types of weighing mechanisms 

including ‘dynamic’ and ‘static’ modes are investigated. The latter procedure 

involves significant changes in the system’s design and mode of operation. Finally 

the development of a computer interface for automated operation of the system is 

described.

6.1 Vibration Stability Tests

The following describes the results of a series of tests conducted in order to 

determine the stability of the system response over a protracted period of time as a 

function of spring length and drive voltage for vibration. The spring type A, with an 

overall length of 105 mm with outside coil and wire diameters of 12 and 1.63 mm 

respectively is used for these tests. The effects of spring tension and spring bending 

induced by vibrating the spring on stability are investigated by presenting results of 

analogous experiments conducted using a number of specially machined aluminium 

tubes of same overall lengths and mass as those of the spring. Tests with these tubes 

were conducted at equivalent spring aperture sizes of 0, 150, 300 and 600 p,m
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drive voltages between 10 and 16 V. Vibration characteristics of the system were 

determined by recording amplitude and resonance frequency at 1 minute intervals 

over a 20 minute period.

6.1.1 Amplitude of vibration stability tests

6.1.1.1 Empty spring

Figure 6.1 shows the variation of amplitude of vibration with time at various drive 

voltages for the closed spring. All experiments were conducted at room temperature, 

typically stable to ± 5 ”C. The data indicate that the amplitude of vibration and 

stability of the system response increases with increasing drive voltage.

Figures 6.2 - 6.4 on the other hand show the same data as those shown in figure 6.1, 

but this time obtained in conjunction with spring aperture sizes of 150, 300 and 600 

|Lim respectively. Although, it is difficult to draw any definitive conclusions based on 

the data; it appears that in contrast to the closed spring, for all the other spring 

extension, there is a ‘general’ reduction in stability as the driving voltage is 

increased. This instability can be attributed to the increased bending of the spring at a 

higher amplitude of vibration caused by the increased drive voltages. For all 

extensions, the trend for 10 V drive voltage appears to be the most stable.

6.1.1.2 Aluminium tubes

Figures 6.5 - 6.8 show the variation of amplitude of vibration with time at various 

drive voltages for the aluminium tubes. As compared to the corresponding data for a 

spring (figures 6.1 - 6.4), there appears to be a reduction in stability with increase in 

drive voltage and the aluminium tubes exhibit a slightly greater stability. Also, for a 

given drive voltage, the resulting amplitude of vibration is higher in the case of a 

spring compared to an aluminium tube of equivalent spring aperture size. Both these 

effects may be attributed to the degree of stiffness and hence the bending of the 

spring. Finally, for a given drive voltage, the vibration amplitude decreases with 

increase in equivalent spring aperture size. This could be due to the reduction in the
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Figure 6.1
Variation of amplitude with time at various drive voltages for 
a spring aperture size of 0 pm. Data shows stability in system response.
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Figure 6.2
Variation of amplitude with time at various drive voltages for 
a spring aperture size of 150 ^m. Data shows stability in system response.
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Figure 6.3
Variation of amplitude with time at various drive voltages for 
a spring aperture size of 300 pm. Data shows stability in system response.
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Variation of amplitude with time at various drive voltages for 
a spring aperture size of 600 |im. Data shows stability in system response.
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Figure 6.5
Variation of amplitude with time at various drive voltages for 
an aluminium tube equivalent to a spring aperture size of 0 ^m. 
Data shows stability in system response.

C hapter 6 100 Perform ance Evaluation



140

120 -

100 -

E 80 -

0)■o

t  6 0 -
E 
<

4 0 -

2 0 -

• - •  - Voltage = 10V
- - A  - Voltage = 12V
- - - Voltage = 14V
- - a  - - Voltage = 16V

# #

A. - ■ A- '  - - A- - - A- - - A  ■ • A----- A- ■ ■ A ■ ■ A ---A---A -

 1-------
10

Time (min)

1^
15 20

Figure 6.6
Variation of amplitude with time at various drive voltages for 
an aluminium tube equivalent to a spring aperture size of 150 ^m. 
Data shows stability in system response.
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an aluminium tube equivalent to a spring aperture size of 300 pm. 
Data shows stability in system response.

20

C hapter 6
102 Perform ance E valuation



140

1 2 0 -

100 -

% 80

o■a

t 60 ;
E 
<

4 0 -

2 0 -

- - *  Voltage = 10V 
- A- Voltage = 12V

- - Voltage = 14V
- - o  Voltage = 16V

.■D
-CL:---------------- n- - T n  - • -ç

# # # # # * # # m.

^ —A —^----- • “-A. . A  A— — A ------ A ■ . A-----A——A------A  . ■ A- • ■ A— -A ----A----- ^  A.

1^
10 15

Time (min)

Figure 6.8
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effective arm length causing the centre of gravity to move towards the pivot point 

and decreasing the moment of inertia of the system at the pivot point. Once again, 10 

V drive voltage gives the most stable response for all lengths.

6.1.2 Resonance frequency stability tests

6.1.2.1 Empty spring

Figures 6.9 - 6.12 show the corresponding resonance frequency stability data for the 

empty spring at various spring aperture sizes. As it may be observed, with the 

exception of the 16V data in figure 6.10, the system response is relatively stable. 

Also, for a given spring extension, resonance frequency increases with increase in 

drive voltage (larger spring bending). On the other hand, for a given drive voltage, 

the opening of the spring results in an initial rapid drop in resonance frequency 

followed by gradual increase approaching a value corresponding to that for the closed 

spring.

6.1.2.2 Aluminium tubes

Figures 6 .1 3 -6 .1 6  show the corresponding resonance frequency stability data using 

the aluminium tubes. Once again, the system exhibits a relatively stable response. An 

increase in the drive voltage results in a clear reduction in the system stability 

accompanied by a relatively large increase in resonance frequency. Furthermore, 

when comparing the behaviour of an aluminium tube with that of an open spring, for 

the same drive voltage (cf. figures 6.10 and 6.14) the bending of the spring results in 

a reduction in the resonance frequency. The difference in behaviour becomes less 

pronounced at high spring aperture sizes (cf. figure 6.12 and 6.16).

6.2 Reproducibility Tests

The following describes the results of a series of tests conducted in order to 

determine the reproducibility of the system response as a function of the drive
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Figure 6.9
Variation of resonance frequency with time at various drive 
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in system response.
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Variation of resonance frequency with time at various drive 
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Figure 6.12
Variation of resonance frequency with time at various drive 
voltages for a spring aperture size of 600 pm. Data shows stability 
in system response.
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Figure 6.13
Variation of resonance frequency with time at various drive 
voltages for an aluminium tube equivalent to a spring aperture 
size of 0 ^m. Data shows stability in system response.
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Variation of resonance frequency with time at various drive 
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voltage for a nominal spring aperture of 600 p,m. As in the case of the stability tests, 

the effect of spring bending and tension on reproducibility are investigated by 

presenting results of analogous experiments conducted using an aluminium tube. For 

both the spring and the aluminium tube, the same reproducibility test was repeated 

three times at 3-hour intervals at drive voltages in the range 10 - 16 V and the results 

were compared. Each test involved the recording of resonance frequency at 1-minute 

intervals over a 20 minute period.

Figure 6.17 shows the variation of resonance frequency with time for a spring 

opening of 600 p,m and the aluminium tube at a drive voltage of 10 V. The data 

indicate that, for both the spring and the aluminium tube, the system stability in 

response inferred from the standard deviation from the mean value remains constant 

at ca. ± 0.03 Hz. The reproducibility in frequency measurements of the spring exhibit 

a better reproducibility at ca. ± 0.08 Hz compared to ca. ± 0 .1 8  Hz of the bar. All 

tests were conducted at room temperature, which was stable to ± 0.5 °C.

Figures 6.18 - 6.20 show the corresponding reproducibility data at higher drive 

voltages of 12, 14 and 16 V respectively. As it may be observed, the data follow 

similar trends in terms of reproducibility and stability as those presented in figure 

6.17. As expected, the resonance frequency with the spring is decreased compared to 

those with the aluminium tubes, however it is not greatly affected by the increase in 

the drive voltage. In general, we find that the reproducibility of both configurations 

slightly improves with the passage of time; whilst the resonance frequency of the 

system increases with increase in drive voltage.

6.3 Mass Measurement from Vibration Monitoring

The following describes the results of experiments aimed at determining the 

feasibility of the measurement of the sample mass from the system’s vibration 

characteristics including resonance amplitude and frequency. This is a potentially 

attractive means of mass measurement as both amplitude and frequency may be 

monitored automatically at relatively short time intervals (10s). The system
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sensitivity in mass measurement may be calculated from the product of standard error 

in vibration measurement and the slope of the fitted line.

The pertaining investigations were first conducted in conjunction with the aluminium 

tubes with different rigid weights attached to their centre in order to eliminate 

complications associated with the finite bending of the spring and the vibro- 

fluidisation of the test powder. The latter is shown to reduce the effective mass of the 

sample present [11]. These were then followed with analogous experiments using the 

charged spring.

6.3.1 Aluminium tube vibration response

Figures 6.21 - 6.24 show the variation of resonant frequency with mass as a function 

of drive power and tube length. According to the data, the following observations 

may be made:

• As expected, in all cases, resonance frequency decreases linearly with attached 

mass

• As seen earlier, for a given tube length and attached mass, resonance frequency 

increases with increase in drive voltage

• Frequency sensitivity is relatively independent of the drive voltage; however, it 

increases by a small amount with an increase in tube length.

Figures 6.25 -6.28 show the corresponding variation of amplitude of vibration with 

attached mass at various drive voltages. According to the data, the following 

observations may be made

• As expected, for a given tube length and attached mass the amplitude increases 

with increase in drive voltage
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Figure 6.21
Variation of resonance frequency with attached solid mass at 
various drive voltages for an aluminium tube equivalent to a spring 
aperture size of 0 ^m. Data shows stability in system response.

Chapter 6 119 Perform ance Evaluation



29
■ Voltage = 10V
A Voltage = 12V
•  Voltage = 14V
o Voltage = 16V

2 8 -

o 2 7 -

2 6 -

2 5 -

24
2.5 3.0 5.0 5.5 6.0 6.53.5 4.0 4.5

Attached m ass (g)

Figure 6.22
Variation of resonance frequency with attached solid mass at 
various drive voltages for an aluminium tube equivalent to a spring 
aperture size of 150 |im. Data shows stability in system response.
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Figure 6.23
Variation of resonance frequency with attached solid mass at 
various drive voltages for an aluminium tube equivalent to a spring 
aperture size of 300 ^m. Data shows stability in system response.
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Figure 6.24
Variation of resonance frequency with attached solid mass at 
various drive voltages for an aluminium tube equivalent to a spring 
aperture size of 600 ^m. Data shows stability in system response.
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Figure 6.25
Variation of amplitude of vibration with attached solid mass at 
various drive voltages for an aluminium tube equivalent to a spring 
aperture size of 0 pm. Data shows stability in system response.
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Figure 6.26
Variation of amplitude of vibration with attached solid mass at 
various drive voltages for an aluminium tube equivalent to a spring 
aperture size of 150 ^m. Data shows stability in system response.
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Figure 6.27
Variation of amplitude of vibration with attached solid mass at 
various drive voltages for an aluminium tube equivalent to a spring 
aperture size of 300 jxm. Data shows stability in system response.
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Figure 6.28
Variation of amplitude of vibration with attached solid mass at 
various drive voltages for an aluminium tube equivalent to a spring 
aperture size of 600 pm. Data shows stability in system response.
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• For a given tube length and drive voltage, the amplitude of vibration is 

relatively independent of attached mass.

6.3.2 Charged spring vibration response

Figure 6.29 shows the variation of resonance amplitude with spring aperture size for 

varying sample masses of 850 - 1000 pm ballotini. It should be noted that during all 

these tests, the sample mass was entirely retained within the spring. A constant drive 

voltage of 14V is used.

In contrast to the data for the rigid mass (figures 6.25 - 6.28), an increase in the 

powder mass results in a reduction in the vibration amplitude. This indicates that the 

presence of powder results in the damping of vibration, the magnitude of which 

directly increases with the amount of powder present. Also, as the spring extension 

increases there is an immediate and significant drop in amplitude. However, at longer 

extensions, the amplitude of vibration remains relatively unchanged and becomes 

advantageously predominantly affected by the mass of powder present. The data in 

figure 6.29 could in principle be used as a calibration plot for the subsequent 

determination of the sample mass from a knowledge of amplitude of vibration.

Figure 6.30 shows the variation of amplitude with spring aperture size for 4g charges 

of different size glass ballotini and grit stone at a fixed drive voltage of 14V. The 

data for glass ballotini indicate that particle size does not have an appreciable effect 

on the amplitude of vibration. However, the finite difference in the behaviour for grit 

stone is consistent with the loss of material through the spring coils during vibration 

as confirmed by visual observation.

Figure 6.31 shows the effect of powder mass on the system resonance frequency. The 

data relate to the conditions as those in figure 6.29. As it is clear, in contrast to the 

data in conjunction with the rigid mass, the resonance frequency can not be used as a 

means for measuring the mass of the powder using the present mode of operation. 

This may be primarily attributed to the complicated interaction of a number of 

effects, including the bending of the spring and the vibro-fluidisation of the test
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Figure 6.29
Variation of amplitude with spring aperture size for 
varying sample masses of 850 - 1000 pm ballotini 
at a drive voltage of 14V.
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powder. These result in a complicated and non-monotonous variation of resonant 

frequency with sample mass.

6.3.3 Protocol for measuring sample mass from vibration characteristics

Vibration of the test powder with an acceleration equal or greater than that due to 

gravity results in its vibro-fluidisation. This leads to particle/wall frictional 

interactions, the magnitude of which directly increases with the amount of powder 

present in the vibrating spring [51-53]. This is consistent with the observation that 

the amplitude of vibration decreases with an increase in the amount of powder 

present. In cases where there is no relative movement between the test sample and 

the vibrating spring (i.e. when the mass is constrained) no dependency between 

resonant amplitude and mass is obtainable.

Measurement of the sample mass from the amplitude of vibration is not an attractive 

option since amplitude is an analogue signal. Furthermore, the test sample 

fluidisability and mean particle size are both expected to play a role, all be it small, in 

affecting the damping of oscillations thereby making the system’s response ‘powder 

specific’ [51]. The experiments in conjunction with the aluminium tubes however 

indicate that if the test sample is constrained from movement within the vibrating 

container, a linear relationship between mass and resonant frequency is obtainable. It 

is therefore envisaged that the measurement of sample mass will involve the 

following three sequential steps:

i) For a given spring extension, vibrating of the test sample at sufficiently high 

amplitude to allow particulate discharge

ii) Monitoring amplitude until no further change is obtained. This marks the 

cessation of particulate discharge

iii) Reducing the drive power to a sufficiently low value so that there is no vibro- 

fluidisation of the test powder at which point the sample mass is measured 

from the resonance frequency.
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6.3.4 Operation at low amplitude of vibration

Based on the above finding, a number of modifications in the design of the spring 

particle sizer were made in order to allow operation at low amplitude of vibration and 

hence enable sample mass measurement. These changes included:

i) Removing the supporting platform legs (see (17) in figure 5.7) and securely 

mounting the particle sizer directly onto a concrete slab. This led to a 

significant reduction in the transfer of vibrations to surrounding structures 

thereby improving system stability.

ii) Decreasing the separation distance between the electromagnet and the drive 

plate (see (10) and (11) respectively in figure 5.7) from 4 mm to 2 mm in order 

to improve magnetic flux linkage with the electromagnet.

iii)Relocating the optical sensor (see (15) in figure 5.7) from the centre of the 

restraining reed (see (12) in figure 5.7) to the T-piece (see (8) in figure 5.7) 

directly above the electromagnet (see (10) in figure 5.7). This ensured that the 

position of the sensor relative to the structure does not shift during vibration.

Figure 6.32 shows the variation of resonance frequency with time for a spring 

aperture size of 600 pm using the new system configuration described above 

operated at a much reduced drive voltage of 2.5 V. The latter translates into a 

maximum displacement of ca 1 mm when measured at the spring end of the spring 

particle sizer. As it may be observed, the reproducibility in frequency measurements 

is markedly improved (cf. ± 0.01 Hz with ± 0.08 Hz earlier (see figures 6.17 - 6.20)).

6.3.5 Frequency/mass sensitivity

The following describes the results of experiments aimed at establishing the 

feasibility of directly measuring mass from resonance frequency. These tests involved 

loading the spring with 1 g increments of glass ballotini and recording the
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corresponding resonance frequencies as a function of spring aperture size in the range 

0 - 600 p,m. Relatively large particles (710 - 850 pm) were chosen in order to ensure 

no particulate discharge occurred from the spring coils at any time during 

measurements. Figure 6.33 shows the variation of the corresponding resonance 

frequency with mass as a function of spring aperture size at a drive voltage of 2.5 V.

Based on the above data, it may be observed that the reduction in drive voltage has 

resulted in an advantageous linear decrease in resonance frequency with sample mass 

at all spring extensions. The scatter in the data can be attributed to the finite vibro- 

fluidisation of the test particles as well as the bending of the spring. For a given 

sample mass, there is a monotonie increase in the resonance frequency with increase 

in spring length except for the case of the zero extension (closed spring) where the 

trend is abruptly reversed. This is because at zero extension the spring effectively 

behaves like a solid bar so that no vibration induced bending along its length occurs. 

This is also manifested in a more stable response compared to the cases where the 

spring is open.

6.4 Effect of Test Sample Characteristics on System’s Response

Figure 6.34 shows the variation of resonance frequency with mass as a function of 

spring aperture size for 710 - 850 pm glass ballotini particles (density, 2500 kg/m^) at 

a drive voltage of 2.5 V. Figures 6.35 to 6.37 on the other hand show the 

corresponding data in conjunction with sand (density, 2600 kg/m^), grit stone 

(density, 1180 kg/m^) and lead (density, 11000 kg/m^) particles respectively. The 

samples used in these experiments were all in the size range 710 - 850 pm in order to 

allow for direct comparison with corresponding data for glass ballotini.

As it may be observed, in all cases, the frequency/mass sensitivity remains 

substantially the same and is independent of the characteristics of the test sample as 

well as the tension in the spring. Accordingly, the mass of any powder can be 

measured on the basis of a standard calibration.
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6.5 The Effect of Reed Design on Mass Sensitivity

The results of previous work by Al-Khoory [53] indicated that both material of 

construction and reed shape play important roles in affecting the mass sensitivity of a 

simple cantilever system during resonant vibration. For example materials with high 

Young’s modulus of elasticity and low density offer maximum sensitivity. This 

would make ceramic as an ideal material of construction. However its brittle nature 

poses a particular difficulty during fabrication or clamping. On the other hand a 

tapered reed offers a better sensitivity as compared to a rectangular reed of similar 

overall dimensions.

The following section investigates the effect of changes in the restraining reed shape 

(see (12) in figure 5.7) and material of construction on the overall mass sensitivity of 

the particle sizer. Due to practical difficulties, the choice of material of construction 

is limited to stainless steel and a low temperature metal alloy, Nilo 36. Table 6.1 

shows the corresponding mechanical properties [68, 69].

Table 6.1; Properties of reed material of construction

Material Modulus of 

Elasticity

Thermal Expansion 

Coefficient

Density

Stainless Steel 193x IO’ n W 15.5 X lO’’ m/m °C 8.03 g/cm^

Nilo 36 140 X 10’ N W 1.5x 10 ’ m/m°C 8.11 g/cm^

Figure 6.38 shows various 1mm thick stainless steel reed shapes fabricated for 

frequency mass sensitivity experiments conducted at 22 and a drive voltage of 2.5 

V. Figure 6.39 show a schematic representation of a tapered wedge reed which 

offered the variations in both width and thickness. Due to difficulties associated with 

grinding stainless steel, this reed was constructed from Nilo 36. This material is 

chosen for its extremely low thermal coefficient of expansion whilst providing a 

modulus of elasticity of similar magnitude (see table 6.1) as that for stainless steel.

Chapter  6 140 Performance Evaluation



wide/diamond

concave

broad centre/diamond

wide/tapered

arrow/tapered

narrow/diamond

I_______I
I cm

Figure 6.38: Various shapes of flat reeds evaluated

C hapter 6 141 Perform ance Evaluation



_  13 mm

5 mill mm90 mm
5 mm

3 mm

3 mm22.4 mm

Figure 6.39: Tapered wedge reed

C hapter 6 142 Perform ance Evaluation



Figure 6.40 show the corresponding results obtained in conjunction with the spring 

particle sizer charged with different masses of 710-850 pm glass ballotini. As it may 

be observed the system’s response is linear with the sensitivity being a marked 

function of reed shape. Of the various shapes investigated, the tapered wedge reed 

offers the best sensitivity at -0.22 Hz/g.

Figure 6.41 shows the effect of spring tension on the frequency/mass sensitivity for 

the tapered wedge reed using the same conditions as those in figure 6.40. Based on 

the data, although the response is linear, the mass sensitivity is a complex and 

unpredictable function of spring tension. In practice, such behaviour poses serious 

difficulties when calibrating the system’s response at various tensions. Similar 

behaviour was observed in conjunction with the remaining tapered reeds shown in 

figure 6.38.

The above is in contrast to the response obtained using the rectangular reed where the 

system mass sensitivity was independent of spring tension (see figure 6.34). Despite 

an improvement in mass sensitivity offered by the tapered wedge reed, its response is 

unpredictable. A further drawback is its relatively complex shape which gives rise to 

fabrication difficulties especially when manufactured in large numbers. The 

following describes the results of a series of tests aimed at establishing whether the 

improved mass sensitivity is purely because of the reed’s shape or a consequence of 

its higher resonant frequency as compared to a simpler shaped reed.

Figure 6.42 shows the variation of resonant frequency with length for a rectangular 

cantilever reed (24.91mm width and 1mm thickness) vibrated in isolation. The 

tapered wedge reed has a natural resonance frequency of 232 Hz as determined in a 

separate experiment. According to figure, the corresponding flat reed length with the 

same resonant frequency as the tapered reed is ca 62 mm.

Figure 6.43 shows the mass sensitivity data for the 62 mm rectangular reed when 

used in conjunction with the spring particle sizer. These experiments were conducted 

using a larger capacity spring (type B; see table 5.1) in order to avoid sample 

representation problems. The corresponding data for the tapered wedge reed are also
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given in the same figure. The drive voltage is 11 V in both cases. The fact that both 

reeds produce the same mass sensitivity despite their markedly different shapes, is 

tantamount to suggesting that the critical factor affecting sensitivity is, to the first 

order, the reed resonant frequency.

Figure 6.44 shows mass sensitivity data for the large volume spring. Despite the 

linear response, much the same as the tapered wedge reed, the system’s 

frequency/mass sensitivity response is a complicated (albeit a less complex one (see 

figure 6.41)) function of spring tension. Based on the above findings, the original 

rectangular reed design (90mm L, 13 mm W, 1 mm D) is re-employed in the 

proceeding experiments. Despite the lower sensitivity, this reed afforded a constant 

sensitivity which was independent of spring tension (see figure 6.34).

6.6 Effect of Ambient Temperature 

6.6.1 Frequency/Temperature Response

The following describes the results of a series of tests conducted in order to 

determine the effects of ambient temperature, in the range 0 - 60 °C on the system's 

frequency response. This is in anticipation of expected temperature differences 

between the various locations where the particle sizer may be used. All tests involve 

thermal equilibration of the particle sizer in a temperature controlled chamber.

Figure 6.45 shows the variation of resonance frequency with ambient temperature for 

a constant drive voltage of 2.5 V. The data relate to the system with the spring 

closed. Low ambient temperatures (0 - 10 ®C) are achieved by placing liquid nitrogen 

inside the temperature controlled chamber and relying on heat transfer by convection. 

Higher temperatures (1 0 -6 0  °C) are set and maintained using a thermostatic heater. 

Silica gel is placed inside the temperature controlled chamber in order to avoid 

problems associated with condensation. A typical heating rate is ca. 0.2 °C / minute.
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As it may be observed, the data indicate a dramatic increase in resonance frequency 

as ambient temperature falls below ca. 10 ®C. The temperature sensitivity in the 

relatively stable temperature range (10 - 60 °C) is ca ± 0.1 HzAC. Even this is clearly 

unacceptable as it is of the same order as the system’s mass sensitivity (ca. -0.15 

Hz/g). Figure 6.46 shows the corresponding variation of amplitude of vibration with 

ambient temperature. Once again, the data indicate a highly temperature dependent 

and unstable response.

It is clear that the amplitude/temperature dependency manifests itself in the observed 

marked variation of resonance frequency with temperature. The data shown in figure 

6.47 further confirm this. The figure shows the variation of resonance frequency with 

temperature for constant amplitude of vibration of 20 mV. Data obtained during both 

heating and cooling cycles are represented here in order to demonstrate thermal 

equilibration. As it is clear, for the temperature range 0 - 4 0  °C, maintaining the 

amplitude constant leads to a marked reduction in the system’s temperature 

sensitivity (cf. ca. ± 0.01 Hz against ca. ± 0 . 1  Hz). It is however notable that there 

still remains a significant change in resonance frequency above ca. 45 °C.

6.6.2 Frequency/mass sensitivity temperature dependency

Figure 6.48 shows the variation of resonance frequency with mass as a function of 

spring aperture size for 710 - 850 pm glass ballotini particles. These data have been 

captured at constant amplitude of vibration and ambient temperature of 20 mV and 

23.8 °C respectively. The relatively constant slope of the fitted lines indicates that the 

system sensitivity (ca. -0.12 Hz/g) is independent of spring tension. Furthermore 

operation at constant amplitude results in a small but significant drop in sensitivity as 

opposed to the normal constant drive voltage mode of operation (cf. -0.12 Hz/g with 

-0.15 Hz/g). Data relating to the latter is shown in figure 6.49. Figure 6.50 shows the 

same data as those presented in figure 6.48 (constant amplitude) but this time 

obtained at 45 °C. As it is clear, operation at the higher temperature results in a 

further significant drop in mass sensitivity (ca. -0.09 Hz/g). Figure 6.51 shows the 

corresponding data obtained at a constant drive voltage 5 V.
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Figure 6.52 shows the effect of temperature on the resonance frequency of the 

restraining reed (see (12) figure 5.7) mounted as a simple cantilever, in isolation of 

the rest of the structure. The tests relate to both constant power and constant 

amplitude operation. The fact that the data exhibit a relatively insignificant change in 

the frequency response is indicative of the rest of the spring supporting structure (see 

figure 5.7), primarily the pivots, being responsible for the previously observed 

temperature/frequency dependency.

6.7 Pivot Design: Temperature Compensating Mechanism

6.7.1 Spring loaded pivot

Following the above findings relating to the temperature dependency, the pivot 

design was modified by incorporating a pair of compression spring inserts between 

the ball bearings (figure 5.12) and the supports. Figure 6.53 shows a schematic 

representation. This arrangement is expected to result in a temperature compensating 

mechanism as the springs ‘absorb’ the compression force exerted on the pivot points 

during thermal expansion.

Figure 6.54 shows the variation of resonance frequency with ambient temperature for 

the particle sizer incorporating the new spring-loaded pivot design. The drive voltage 

of 11 V is used. The results obtained during both heating and cooling cycles are 

given. As it may be observed, the resonance frequency is relatively independent of 

temperature for ambient temperatures as high as 65 °C. The maximum temperature 

sensitivity is ca > ± 1 x 10’̂  Hz/®C. As before results are reproducible and hysterisis 

does not occur.

Figure 6.55 shows the corresponding frequency/mass response obtained in 

conjunction with the spring-loaded pivot design at 24 °C. The data indicate a linear 

variation in frequency with mass with no tension dependency. The frequency/mass 

sensitivity is ca. -0.10 Hz/g, which is lower than that obtained using the previous 

pivot design (ca. -0.12 Hz/g).
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6.7.2 Variable force spring loaded pivot

Figure 6.56 shows a cross-sectional view of the adjustable spring-loaded pivot design 

aimed at improving the system mass sensitivity. Here, in order to provide some 

flexibility in the compensating forces provided by the pivot compression springs, a 

pair of screws (10 BA) linked to the silver-steel end-caps are utilised. The tension in 

the compression springs may in turn be easily adjusted at will by turning the two 

screws in the clockwise or anti clockwise directions.

Figure 6.57 shows the frequency/mass response obtained in conjunction with the 

adjustable spring-loaded pivot at 25 °C using glass ballotini at various spring 

tensions. Advantageously, the system’s response is linear and independent of the 

spring tension. Additionally, the system’s sensitivity increases as compared to the 

non-adjustable spring loaded pivot design (cf. -0.10 Hz/g with ca. -0.13 Hz/g).

6.7.3 Ball racer bearing pivot

Although the adjustable spring loaded pivots provided temperature compensation, 

they resulted in damping of vibration and thus increasing power requirements. This 

resulted in the Ohmic heating of the electromagnet and a subsequent observed drift in 

response. This problem was overcome by replacing the variable force spring-loaded 

pivots with low friction/damping ball racer bearings.

Figure 6.58 shows a sketch of the new arrangement. Here, 4 mm ball racer bearings 

(Manufactured by HPC Drives) are inserted into the ends of the T-piece and are 

linked to the support structure via a complementary shaft held in place by fixing it 

with a grub screw. The clearance between the shaft and the ball bearings inner 

housing is about one thousandth of an inch to avoid thermal stress induced lateral 

movement of the supporting T piece.

Figure 6.59 shows the variation of resonance frequency with ambient temperature for 

a constant drive voltage of 11 V for the ball racer bearing pivots. As it may be
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observed from the data, the system’s response within the temperature range 1 2 - 3 4  

"C is remarkably stable. However, outside either of these two temperatures a 

relatively rapid reduction in frequency with ambient temperature is obtained. Such 

complex behaviour in the frequency temperature response is probably due to several 

competing factors.

Figure 6.60 shows the corresponding frequency/mass response obtained at the drive 

voltage of 1.0 V using ball racer bearing pivot. These results were obtained in 

conjunction with various amount of 1000-1180 |im  glass ballotini. The data clearly 

indicate the crossover of mass calibration lines, requiring a complicated calibration 

algorithm.

6.8 Static mass measurement

Based on the results obtained so far, the major drawback associated with mass 

measurement based on the system’s vibration characteristics, in particular the 

resonance frequency is its unpredictable and complex variation with spring tension. 

An alternative way to measure mass is in a ‘static’ mode of operation involving the 

use of the particle sizer as a pivoted mass balance. Here, change in mass at the spring 

end can be detected by measuring the induced strain in the restraining reed (see (12) 

in figure 5.7) that provides resistance to deflection. Two types of displacement 

transducers were used to measure strain and hence the sample mass, both providing 

different degrees of success.

6.8.1 Static mass measurement using strain gauge

It should be noted that for the system to operate satisfactorily in this mode, the 

restraining reed must offer the necessary flexibility to cause a measurable deflection 

resulting from mass changes as low as 0.1 g. For a typical sample mass of lOg, this 

corresponds to a mass resolution of ± 1%. At the same time, the restraining reed 

should be stiff enough to provide sufficient vibration intensity to cause particle 

‘fluidisation’ and rapid discharge from the spring coils.
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In practice the above requirements are met based on a two-stage static-dynamic 

operation using a single reed, which is intermittently clamped along its length. Mass 

measurement is obtained under static conditions (no power to the electromagnet) by 

monitoring the induced strain in the support reed with its full length active. 

Particulate discharge on the other hand takes place by clamping the reed along its 

length at an intermediate point and vibrating the system by powering the 

electromagnet. The shortening of the effective length of the reed results in a 

significant increase in the vibration intensity. The cessation of particulate discharge 

at a given extension may be conveniently detected when there is no further change in 

the resonant frequency.

Figure 6.61 shows a perspective drawing of the reed clamping arrangement for static 

mass measurement using a pair of strain gauges. In this design, a stainless steel 

restraining reed (108.91 mm L, 12.71 mm W, 0.4 mm D) is used in conjunction with 

two 8 mm foil strain gauges (RS Components; type 308-102). The latter are glued to 

either side of the reed and located 54 mm from the T-piece. A ‘primary’ clamp is 

engaged to shorten the effective reed length to 17.8 mm.

In this mode, the fluidisation and discharge of particles is achieved by monitoring 

vibrations via the optical sensor located directly below the sensing arm, which is an 

extended part of the T-piece. The release of the primary clamp on the other hand, 

allows for the transfer of strain along the full length of the reed since the secondary 

clamp is permanently engaged. The optical electronic drive and detection mechanism 

are switched off during strain measurements.

Figure 6.62 shows the variation of strain (detected in the form of a voltage signal) 

with attached mass for the closed spring. Here the restraining reed is undam ped and 

the system is effectively balanced to the horizontal position by adding weights to the 

drive end prior to strain measurements. The data relate to two successive calibrations. 

They clearly show excellent reproducibility and a highly linear response with a mass 

sensitivity of ca. -14.5 mV/g.
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Figure 6.63 shows the variation of strain with attached mass for various spring 

extensions. The data indicate a small decrease in mass sensitivity (mV/g) as 

extension increases. This is probably due to the shifting of the centre of gravity of the 

structure towards the electromagnet during each extension. This effect can, however, 

be taken into account through calibration. Figure 6.64 shows the variation of strain 

with time for the ‘balanced’ system following start-up. The data is obtained by 

switching on the strain gauge bridge circuit electronics and monitoring the system 

response as a function of time. As it is clear, the measured strain drifts with time for 

ca. 40 minutes prior to stabilising.

Following extensive investigations and consultations with specialist strain gauge 

manufacturers, it was discovered that the observed drift is a consequence of creep 

dislocation at the interface between the adhesive used for mounting of the strain 

gauges and the spring steel substrates. This is caused by either the use of an 

inappropriate glue, incomplete adhesion due to presence of air bubbles or poor 

surface preparation of substrate prior to the adhesion of the strain gauges. Based on 

the above findings particularly relating to practical difficulties associated with 

mounting of strain gauges, it was decided to develop a non-contact measurement 

technique for monitoring displacement.

6.8.2 Static mass measurement using capacitance transducer

Figure 6.65 shows a schematic representation of the static mass measurement 

arrangement using a capacitance transducer (RDP Electronics; type SG5, ±0.01 mm 

resolution). The transducer is placed in close proximity of the sensing arm of the 

‘balanced’ system. The change in capacitance due to a change in displacement and 

hence mass is converted into a voltage signal.

Figure 6.66 shows the variation of capacitor voltage with attached mass for various 

spring extensions. The data is linear and relatively independent of the spring 

extension with an average sensitivity of ca. -70 mV/g. Figure 6.67 shows the 

reproducibility of the mass calibration data. Again, the response is linear with a slope 

of ca. -70 mV/g. The voltage produced by the capacitance transducer is measured
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Particle discharge stage

Sample mass measurement stage

Figure 6.65: A schematic representation of the capacitance 

transducer mass measurement technique.
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Figure 6.66: Mass calibration curves for various 
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with a combined reproducibility and stability of ± 4 mV. This translates to a mass 

resolution of at least ± 0.06 g or 0.6% for a typical sample mass of 10 g. The high 

reproducibility, linear and stable response combined with its non-contact feature 

makes the capacitance transducer the preferred method of mass measurement. This 

technique is incorporated in the final design of the spring particle sizer.

6.9 Monitoring End of Particle Discharge

The success of the mass measurement technique based on the two stage operation 

primarily depends on the system’s success in accurately monitoring the end of 

discharge during resonant vibration.

Figure 6.68 shows the variation of resonant frequency with time during discharge for 

a 10 g sample of 10 - 500 |im “soft” flour and a spring aperture size of 400 jim at a 

drive voltage of 16 V. The frequency response reaches a plateau after ca.60 s. This 

correspond to the end of discharge and is in excellent agreement with the visually 

observed discharge time of 61 s. Figure 6.69 shows the variation of resonant 

frequency with time during discharge for a 15.4g sample of 300 - 450 jiim glass 

bailotini particles and a spring aperture size of 355 |LLm at a drive voltage of 16 V. 

Again, there is good agreement between frequency based and visually observed 

discharge times.

Figure 6.70 shows the variation of resonant frequency with time during discharge for 

a 10 g sample of 150 - 300 }xm bronze particles and a spring aperture size of 215 |xm 

at a drive voltage of 16 V. The end of discharge as determined from the frequency 

response is ca.l60 s and is in good agreement with the visually observed discharge 

time of 162 s. The longer discharge time as opposed to flour is due to the smaller 

degree of fluidisation of bronze due to its significantly higher bulk density.

Figure 6.71 shows similar data to those in figure 6.70 but this time for a larger 

sample mass of 18 g. Once again the data show good agreement between frequency 

based and visually observed discharge times. The marked fluctuations in the
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Figure 6.68: Variation of resonant frequency with 
time for the discharge of a 10 - 500 jiim soft flour 
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frequency response correspond to a gradual initial discharge followed by rapid 

discharge as the powder mass decreases and fluidisation becomes more efficient.

6.10 Mass Resolution: Dynamic Vs Static Mode of Operation

Table 6.2 shows a comparison of the mass resolution of the spring particle sizer 

based on the dynamic and static modes of operation. The dynamic mass measurement 

data have involved calibration of resonance frequency with spring tension. The mass 

resolution data obtained take into account standard deviation from linearity, stability 

and reproducibility as well as the signal sensitivity to mass (mV/g or Hz/g). Based on 

the data, it is clear that the static mode of operation results in a significantly higher 

mass resolution (± 0.06 g) as compared to that obtainable using the dynamic mode (± 

0.42 g). For a typical 10 g sample, the corresponding mass resolution based on the 

static and dynamic modes of operation are 0.6 % and 4.2 % receptively.

6.11 Computerised Electronic Interface

A fully automated integrated drive and control electronics system is designed to 

replace the manually operated instruments such as a signal amplifier box, power 

supply units and data acquiring meters. This involved a construction of a 

computerised pulse power circuitry (see Appendix A) capable of complete electronic 

drive system in a closed loop; from acquiring the infra-red detector signals to 

generating an amplified signal for the electromagnet. The unit is also capable of 

transferring the captured data to a data logging software via a versatile user interface. 

A data acquisition and control software, HP YEE v5.0 (visual engineering 

environment) facilitates an automated operation and monitoring of the particle sizer 

and the associated electronics hardware. It also allows an operator control of the 

system from manipulation of the data to the setting of the parameters (e.g. choice of 

size ranges, data presentation etc.).

The instrument control via the interface includes the operation of the mechanical 
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Table 6.2: System mass resolution: dynamic vs static mode of operation

Mass measurement method Dynamic Static

Mass Sensitivity 0.12 Hz/g 70m V/g

Errors

Maximum error in linear fit ± 0.03 Hz ± 1 mV

Stability in response ± 0.01 Hz ± 2  mV

Reproducibility ± 0.01 Hz ± 1  mV

Cumulative error ± 0.05 Hz ± 4  mV

Svstem Mass Resolution ± 0.42 g ± 0.06 g

Sample mass 10 g lOg

Percentage of sample mass ± 4.2 % ± 0.6 %
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components such as the solenoids for the feeding arm and the compressed air flow 

and stepper motors of the gear mechanism and the reed clamp. It also ensures that the 

system runs under optimum conditions by automatically varying the signal pulse 

width and the phase. The proposed two-stage operations (high amplitude of vibration 

for discharge and low amplitude or static mode for mass measurement) can be 

conducted by varying the driving voltage. The operator inputs include the sample and 

operator details, filename for data archive, size selection and mode of data 

presentation. The operating sequence can also make checks for any errors during 

analysis.

Figure 6.72 shows a schematic flow logic diagram summarising the operating 

sequence of the automated particle sizer via HP VEE and the interface card. The user 

is first required to initialise the system to ensure all components are in initial position 

before executing the analysis sequence. At the start of each sample analysis, the user 

is prompted to type in personal and sample details as well as make size selections. 

The program then proceeds to the sample feed stage where the feed hopper 

supporting arm is engaged by the solenoid and the solenoid valve on the compressed 

air supply line activated. After a successful feeding of the sample material, the user is 

required to confirm the sample feed being complete. Now the compressed air is 

switched off and the feed arm solenoid is disengaged. Here, the system will be 

vibrated for a short while to ensure that the material is distributed along the spring 

length.

At this stage, an initial mass measurement takes place to detect the sample mass 

initially introduced in to the system. Following a brief high intensity vibration, the 

mass measurement is repeated to ensure that sample is not being lost. Any loss in the 

mass would suggest that the sample is being lost through an open spring coil which 

will generate error in analysis. In such a situation the analysis is stopped and an error 

warning is generated for the user to manually clean the spring. If no sample loss is 

detected then the sequence is continued to the sample sizing stage of the analysis.

Mass measurement is a two-stage operation where initially a high amplitude of 

vibration is used for the particle discharge. For mass measurement based on
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resonance frequency of the vibrating system, the system drive voltage is reduced to 

achieve a low amplitude of vibration where the particle fluidisation is reduced. At 

this stage, the resonance frequency is monitored as a digital signal continuously until 

a constant value within an allowed tolerance is obtained. The sample mass is 

calculated directly by reference to a previously generated resonance frequency/mass 

calibration.

For mass measurement in a static mode, the drive voltage is switched off at the end 

of the particle discharge. The clamp used at an intermediate length of the reed is 

lifted by the use of the stepper motor allowing the reed to deflect in response to the 

mass retained within the spring. The change in strain of the deflected reed via a strain 

gauge voltage or the displacement of the deflected reed via a capacitance transducer 

voltage are then detected continuously until a constant value within the tolerable 

limits is reached. These values can then be corresponded to a mass calibration 

algorithm through the program for sample mass measurement.

During the sizing stage, the stepper motor in conjunction with the retractable gear 

mechanism extend the spring to the upper limit of the first size range selected by the 

user. The system is then vibrated at a high amplitude of vibration until the cessation 

of the particle discharge at the selected size fraction. This cessation can be based 

upon a set time limit; or detected by monitoring vibration characteristics of the 

system where a stable response means an end of discharge; or by intermittently 

measuring mass until no mass change is detected. Following the completion of the 

particle discharge, mass measurement takes place to measure the amount of sample 

mass retained. From the measured value the amount of discharged mass and the 

percentage of the overall mass retained are calculated and displayed via the program. 

This procedure is repeated for all selected size ranges with the resulting size analysis 

data being displayed on screen in real time.

The final stage involves the cleaning of the spring to eliminate any oversize particles 

retained within the spring. Here, the spring is opened to an extension above the 

normal size limits and vibrated with a high amplitude of vibration to discharge the 

remaining particles. Mass measurement is carried out at this point to measure any
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particles which may have been retained. If presence of particles is detected then 

another attempt is made to discharge them before closing the spring completely. Any 

persistent presence of particle will generate an error warning for the user to clean the 

spring manually. At the end of an analysis, the data are presented in both tabulated 

and graphical forms and stored in a file earlier selected by the user. The graphical 

data can be retained on screen for comparison with the data from the next analysis.
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CHAPTER 7

PARTICLE SIZE DISTRIBUTION ANALYSIS DATA

In this chapter particle size distribution data are presented using the spring particle 

sizer in conjunction with a number of real industrial dry powders of various shape, 

size range, flowability and density. The sampling procedures used for obtaining the 

test samples are also described. For some of the tests, more than one test sample is 

obtained to investigate the reliability of the sampling technique and the system’s 

reproducibility. In all cases corresponding data obtained using sieves are also 

presented for comparison purposes. All data are obtained using the static mode of 

operation described in the previous chapter. The drive voltage during particulate 

discharge is fixed at 12 V.

7.1 Sample P reparation

Prior to sampling, the gross sample is hand sieved to remove any particles which are 

greater than the upper limit of the spring used. With small spring (Type A), samples 

below 600 pm are analysed whilst with the large spring (type B), samples up to 

1180 pm are used. The test sample for analysis with the spring particle sizer is then 

obtained by either the method of cone and quartering or hand riffling (see chapter 

3). The test sample volume or its gross weight is dependent on the spring type used. 

Typically the spring should be less than half full to allow the particles to fluidise 

easily when vibrated. Thus, the typical limit of the sample mass for the small spring 

and the large spring are 6 g and 10 g respectively.

For cone and quartering, the test sample is mixed and piled into a conical heap on a 

smooth tile using a funnel. The heap is then flattened and truncated into four equal 

quarters using a sharp edged metal plate. Two opposite quarters are well mixed to

Chapter  7 190 PSD  A nalysis Data



retain for further reduction or test purposes, while the other two quarters are 

removed to reject back into the original mixture. This is then repeated until 

sufficient sample for this device is obtained. For hand riffling, the sample is fed at 

the top of the riffler and divided into two approximately equal parts by the chutes 

present. One part is retained whilst the other is removed. A similar division is 

repeated until a desired quantity is obtained.

7.2 Sample Analysis

The samples tested are a mixture of fine (< 75 pm), medium (75 -  300 pm) and 

coarse particles (> 300 pm). These were specially selected in order to cover a 

diverse range of different characteristics. These included glass bailotini, milk 

powder, grit stone, sawdust, clay, super-absorbent polymer, bran, bismuth, calcium 

carbonate, flour and sand.

Sawdust for example, was chosen because it is mainly needle shaped and does not 

readily flow. Milk powder and clay on the other hand tend to coagulate during 

vibration. Sand and grit stone are free flowing materials, where the grit stone is 

examined for being very dense which does not readily fluidise during vibration. 

Tests conducted using the spring and sieves in conjunction with glass bailotini 

samples on the other hand are in principle expected to produce identical results.

Sieving is performed using 100 mm diameter sieves following the procedure 

described by the British Standard [32]. A typical analysis time (including weighing 

but excluding down time due to deblinding of sieve apertures) for a 10 g sample 

using sieves on the basis of providing 8 size fractions is ca. 30 min. This compares 

with approximately 10 minutes using the spring particle sizer.

Particle size distribution data are presented in the form of cumulative distribution, 

where the undersize percentage mass is plotted against the mean particle size. The 

mean particle size is determined according to the equation 2.1 where the average of 

the upper and lower values of a size range is calculated.
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Figure 7.1 show particle size distribution data for 10.55 g of glass bailotini using 

sieves and spring particle sizer. The results for two sets of runs are presented in the 

case of the spring sizer in order to demonstrate reproducibility in the data. As 

expected, the data shows very good reproducibility and an excellent agreement with 

sieves. The sample consists of a mixture of particles in medium to coarse range with 

the highest fraction being in between the 350 and 600 |im.

Figure 7.2 shows the particle size distribution for 7.6g of grit stone exhibiting 

reproducibility and comparison with sieves. This material is a dense, plate-like, 

round, milled product that flows easily. The particles in this sample are in a fine to 

medium size range. The data obtained with the spring analyser tends to lie towards 

the left of the sieve data. This means that the mean size as determined using the 

spring analyser is smaller than that obtained from sieves. This trend is expected 

since the spring offers a slot rather than a square aperture of a sieve. Here, material 

with flat particles or those that have large aspect ratios can discharge through a 

much smaller size gap than when passed through a stack of sieves.

Figure 7.3 shows particle size distribution data for two other samples of grit stone 

that originated from the same batch. These samples were obtained using a hand 

riffling method described earlier. Once again, the same trend in the analysis data 

may be observed, where the sieve mean size is greater than that according to the 

spring particle sizer. Also, the agreement between the data given by two devices 

demonstrates that this sample and the sampling division technique used are not 

particularly sensitive to sampling selection. From these graphs, it can be deduced 

that particle size may be measured to better than ± 5% by spring particle sizer.

Figure 7.4 shows the reproducibility in particle size distribution data for 1.6 g of 

sawdust. This material has extremely poor flow characteristics with the particles 

having variety of shapes. The particles range from a small flaky dust to round to 

large needle shaped with aspect ratio of up to ten. Since this material has a very low 

density, the sample mass is much smaller than grit stone (cf. 1.6 g with ca 7.6 g). 

The spring data shows the particles to have a much smaller mean size than the sieve
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data. Once again, the disagreement between the two sets of data is due to the 

different exit geometry of particles.

Figure 7.5 highlights the degree of representation of the sawdust sample obtained by 

cone and quartering method. Once again, similar trends observed from the test show 

the sample is not particularly prone to errors due to sampling procedure. This also 

proves that the sampling method used is very suitable for particles with poor flow 

characteristic [28].

Figures 7.6 and 7.7 show particle size distribution data for 1.8 g of clay highlighting 

the reproducibility in data and sample representation respectively. Clay particles are 

fine, talc-like, soft and cohesive but not easy flowing. This material tends to 

coagulate very easily. The difference in repeated data reflects this coagulation and 

such behaviour is also visually observed. The spring sample analysis data again 

shows this material to have a smaller mean size than the sieve data. The 

cohesiveness of the material suggests the method of sample sub-division by cone 

and quartering to be the appropriate [28]. However, the data in figure 7.7 shows the 

sample to be prone to sampling error.

Figures 7.8 and 7.9 show the particle size distribution data for 3 g of milk powder 

highlighting the reproducibility in sample analysis and sample representation 

respectively. The material is round, granular shaped, cohesive powder that has 

tendency to agglomerate; either under vibration or in the presence of moisture. The 

sieve analysis is also repeated to investigate moisture effect. Figure 7.8 shows 

moisture to have a greater effect on sieving data. This could be due to the fact that 

the time for a sieving process is much longer, allowing milk powder to absorb more 

moisture. The effect of sampling errors generated by the cone and quartering 

method for this cohesive material is shown in figure 7.9. For this material, the sieve 

data measures smaller mean size than the spring.

Milk powder is highly hydrophilic and agglomerates when exposed to moisture. 

Figure 7.10 shows the particle size distribution a sample previously heated in an 

oven. The reproducibility observed using the spring is much improved. Also a
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doser agreement with sieve data is obtained. Based on this finding, it can be 

deduced that the presence of moisture is the primary reason for the agglomeration of 

milk powder.

Having observed that the sampling sub-division by cone and quartering is prone to 

errors, all the materials in the subsequent tests are obtained by the more successful 

hand riffling method. Hence, only one sample for each test is analysed.

Figure 7.11 shows the reproducibility in particle size distribution data for a 4.5 g of 

wholemeal flour. The mixture has a soft talc-like powder mixed with flakes of 

wheat; it is dry and free flowing, but it could cake up when agitated. The graph 

shows good reproducibility and a good agreement with sieves. The mixture contains 

mainly medium sized particles but the traces of flakes and coarser particles results 

in the variation in analysis data beyond 200 pm.

Figure 7.12 shows particle size distribution data for 7.6 g of sand. The sample 

contains round, irregular shaped, free flowing, dry particles. The data show the 

mixture to contain fine and coarse particles. Despite being round, the irregularity in 

shape is highlighted by the variation in sizes measured by the spring and sieves. The 

spring, while showing good reproducibility, measures a smaller mean size as 

compared to sieves.

Figure 7.13 shows the reproducibility in particle size distribution data for 6.22 g of 

super-absorbent polymer. This material comprises of granular, irregular shaped, dry, 

free flowing particles. The data are reproducible and comparable. The finite 

difference between sieve and spring could be attributed to the tendency of the 

material to grow in size by the time the sieving process is completed.

Figures 7.14 and 7.15 show the reproducibility in particle size distribution data for 

calcium carbonate samples. The figure 7.14 is for 5.74 g of the granular, round, dry, 

free flowing, milled product which is used in animal feed. Figure 7.15 on the other 

hand is for a 7 g mixture of round, flaky and needle shaped, free flowing material. 

This product is used as cement and very brittle. Both graphs show very good
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reproducibility. The mean particle size measured by the spring particle sizer is once 

again greater than that obtained from sieves. Both samples contain mainly coarse 

particles, but the cement does contain some medium range particles. Although this 

material is brittle, the reproducibility in the data shows little particle attrition 

following vibration in the spring.

Figure 7.16 shows the reproducibility in particle size distribution data for 3.4 g of 

bran-cereal. This is an irregular shaped, light, flaky and fibrous material. Although 

the material is in dry form, there is a tendency for the fines to stick to the 

surroundings. However, the vibration of the spring particle sizer is sufficient to 

ensure that the discharged material does not remain adhered to the spring. This is 

reflected in the highly reproducible sample analysis data obtained. The spring data 

shows the material to contain high percentage of fine and medium sized particles. 

The comparison with sieves shows a large difference in mean sizes measured. This 

trend is similar to that observed earlier for sawdust highlighting the flaky nature of 

the material.

Figure 7.17 shows the reproducibility in particle size distribution data for 10.55 g of 

Bismuth. This material is a high density, regular shaped, metal powder. The sharp 

edges of the fine powder and the presence of metal flakes make it highly abrasive. 

Despite this the reproducibility in the spring data show little wear of the spring 

coils. The sample contains a very high percentage of fines. With the exception of 

the higher size range, the spring and sieve techniques produce very similar data.
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CHAPTER 8

CONCLUSION AND FUTURE WORK

8.1 Conclusion

In this thesis, the design and development of a fully automated pre-production 

prototype instrument for determining the particle size distribution of powders is 

described. The instrument is developed in response to a need for a robust, relatively 

inexpensive and simple to operate technique for particle size distribution analysis.

The preliminary work relating to the present study is based on a relatively crude but 

entirely novel device involving the use of a horizontally held closed coil helical 

spring that is partly filled with the test powder. Particle size distribution is obtained 

by stretching the spring to known lengths and determining the mass of powder 

discharged from the spring coil openings. The low resolution, extensive manual 

interaction and the inability for in situ mass measurement were recognised as the 

fundamental drawbacks associated with the system.

Addressing the above problems forms the main theme of the present study.

Chapter 2 described the main definitions of particle characterisation, such as particle 

shape, size, size distributions and average sizes. Chapter 3 dealt with the critical 

aspect of powder sampling. This was recognised as one of the most important steps 

in size analysis as a relatively small sample is expected to represent the character of 

the powder as whole. The risks and hazards associated with powder handling were 

also described.

A critical review of the techniques and operating principles of currently available 

techniques for particle size distribution analysis were described in chapter 4. Here,
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the relative merits and disadvantages of these techniques were highlighted. The 

review identified lack of robustness, cost, sample preparation and the inability for 

cost effective on-line analysis as the main drawbacks of the currently available 

techniques.

The main body of the experimental work detailing the various stages of development 

leading to the design of the final prototype was described in chapters 5 and 6.

Chapter 5 commenced with a description followed by a detailed performance 

evaluation of the early design of the spring particle sizer reported by Shaeri [12]. 

Based on the review, a relatively crude system incorporating a compass, in 

conjunction with a non-contact electromagnetic drive was designed in attempt to 

address the in situ mass measurement capability. The variation of tension in a 

restraining reed following the extension of the spring which adversely affected the 

system’s vibration characteristics was recognised as the main drawback associated 

with the compass design.

Following the design of several further prototypes, a cantilever system was developed 

which in the main formed the basis of the final particle sizer. The device is based on 

a horizontal double beam cantilever system pivoted along its length. One end is 

excited into transverse simple harmonic motion, whilst the other carries a closed coil 

helical spring. When the spring, partly filled with the test powder, is extended via 

outward movement of the two arms and vibrated, the powder within it becomes 

fluidised and particles smaller or equal to the spring coil openings discharge. The 

size of the discharged particles is directly related to the spring extension and the 

number of coil openings.

Detailed description of the particle sizer electronic circuit drive and detection 

circuits, spring design criteria for maximum size resolution and the design of the 

ancillary equipment used in the final prototype were also presented in chapter 5. The 

electronic drive system was based on regenerative feedback loop. Spring design 

involved considering factors influencing spring behaviour such as spring index, 

residual tension and heat treatment history. Based on these, two types of springs of
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differing volume capacity were manufactured and their performances evaluated. The 

small spring used was able to carry out size analysis for particles up to 710 p,m, 

whilst the larger spring could measure particles up to 2 mm in diameter. The size 

resolutions for the two springs were ca. ± 11 and ± 3 p.m respectively. A pneumatic 

feed was developed to feed powders into the spring. A non-contact gear mechanism 

was also constructed to affect spring extensions.

In chapter 6, performance evaluation of the spring particle sizer and further 

development for design optimisation were reported.

The former included monitoring the stability and reproducibility of the system 

response and determining the feasibility of monitoring the sample mass from the 

system vibration characteristics including resonant amplitude and frequency. A two 

stage operational process was devised to enable mass measurement. The first 

involved stretching the spring, followed by large amplitude vibration to affect 

particulate discharge whilst simultaneously monitoring the resonant frequency to 

detect end of discharge. This was followed by low amplitude vibration (so as to 

reduce complications associated with the vibro-fluidisation of the test powder) and 

measuring the sample mass from the resonant frequency. Despite the initial success 

of the above procedure, the unpredictable non-monotonous variation of resonant 

frequency with spring tension gave rise to serious calibration problems.

Effects of powder characteristics and ambient temperature on system behaviour were 

also reported in chapter 6. Design optimisation in terms of restraining reed shape and 

change in pivot design to accommodate changes in ambient temperature were 

evaluated. A ball racer pivot design minimised frictional losses whilst at the same 

time, compensated for thermal expansion/contraction effects caused by the changes 

in the ambient temperature.

An alternative means of mass measurement based on a static mode of operation was 

described in this chapter. This procedure, once again involved a 2-stage operation; 

the first, as before was based on large amplitude vibration to affect particulate 

discharge. The second stage however involved the complete cessation of vibrations
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followed by measurement of the sample mass from the change in the system’s 

moment of inertia. Two techniques were developed to monitor the latter. The first 

was based on measuring the resulting induced strain in the restraining reed using a 

strain gauge. However, despite the initial success, long term drift in the strain gauge 

response was observed. This was ultimately found to be due to the degradation of the 

adhesive used for mounting of the strain gauge on to the restraining reed.

A much more successful approach involved the use of a capacitance transducer for 

measuring the change in the moment of inertia. In this arrangement, the dynamic 

mode of vibration was followed by unclamping the restraining reed and measuring 

the displacement of the double cantilever system from the horizontal position using a 

capacitance transducer. The sample mass was in turn measured by reference to a 

previously obtained calibration curve relating sample mass to capacitance. This 

technique provided a highly stable, reproducible and accurate response with a mass 

resolution of ca. ±1% for a lOg sample. The automation of the device through the 

development of appropriate computer process control, signal monitoring and 

processing modules were also described in chapter 6.

In chapter 7, results of particle size distribution tests in conjunction with a variety of 

powders with various characteristics including shape, bulk density and flow 

characteristics were reported. In the majority of cases, the system demonstrated 

excellent reproducibility. The observed discrepancy in size measurement associated 

with some of the samples was found to be due to their hydrophilic nature which 

resulted in a change in their particle size in between tests.

Parallel experiments using sieves indicated excellent agreement in conjunction with 

spherical glass ballotini particles as expected. However, in the case of irregular 

particles, a smaller mean size was measured using the spring particle sizer as 

opposed to sieves. This was attributed to the different exit orientation of the particles 

through the spring coils as compared to those discharging through sieve apertures.

In conclusion, based on this work, it is clear that the spring particle size distribution 

offers the potential as a viable technique for particle size distribution analysis by
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overcoming most of the problems associated with conventional techniques available 

for this purpose. As opposed to laser diffraction techniques for example, the spring 

particle sizer is far more robust and less expensive to manufacture. Its response is 

little affected by the physical characteristics of the test sample other than its size.

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 (particles becoming trapped in the sieve apertures). 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 would be dislodged as soon as the spring is extended.

8.2 Suggestions for Future W ork

The translation of the current prototype particle sizer for use in a real industrial 

environment will require further improvements in mechanical design and its 

computerised operation. For example, the use of stepper motor allows very controlled 

and exact extension of the spring. However, the gear mechanism could result in some 

steps being lost when the gears engage and disengage. The contact between gears is 

the result of a rotary motion of the motor and so the force holding them in touch is 

weak leading to slipping of gears when being turned. To ensure a required extension 

of the spring is affected, a non-contact capacitance transducer can be used to monitor 

the movement of one of the bars that are used to clamp the spring. This will 

continuously monitor the exact position of the spring and compensate for any steps 

being lost. The use of these two in combination can ensure that an accurate spring 

length is achieved.

At present, when material containing fine or frail and dust generating particles is fed 

through the pneumatic feed, a back flow of aerosol is observed. This would lead to an
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error in sample analysis and also cause possible hazard. Modifications to present 

design or an introduction of a new design may be required to overcome this problem. 

The back flow is possibly created by the build up of air pressure within the closed 

chamber of the spring. This could be reduced by controlling the pressure of the 

compressed air according to the type of sample being introduced; with low pressure 

for light materials and higher pressure for the heavier materials. Other possibilities 

are keeping the spring coils open by few microns, or introducing negative pressure at 

the opposite end of the spring. The compressed air could also be used in combination 

with vibration. Some particles are too light to be fed in; however, these could be fed 

in using pulsed air. The samples could also be mechanically introduced in to the 

spring using an Archimedian screw or a scoop.

A means of sample collection needs to be designed. A use of a hopper underneath the 

spring will ensure that all the particles being discharged can be directed to a single 

collection point, where the sample could be collected in a pot or a jar. However, 

some fine particles could stick to the walls of the hopper. Applying vacuum at the 

collection points will draw these particles through and will also allow a safe 

collection of any hazardous materials. If the sample needs to be retained as a 

separated fraction, then a carousel method of collection at the base of the hopper 

could be used. In fact, this would allow the spring particle sizer to be used as a 

classifier.

The present design of the spring particle is open and thus susceptible to dust settling 

from the sample and surrounding air. If these particles settle on the motors or pivots, 

it would severely affect the system performance. The settling of particles on the 

vibratory structure will lead to an error in the sample mass measurement. Any 

particles which are toxic or hazardous provides a health and safety risk to the 

operator and the surroundings through exposure. Hence, the unit needs to be covered 

to contain the particles within the system and thus minimise the exposure risk. The 

mechanical components of the unit will also have to be kept away from the spring 

end to eliminate settling of dust.
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The spring particle sizer is only tested with dry materials. Ability to analyse wet 

samples would increase the potential application of this device. However, it will be 

difficult to feed any wet samples using current methods. Easier option might be to 

immerse the spring in liquid during an analysis. The spring is able to handle samples 

which are relatively large (up to 20 g), but some products are produced in tonnes, 

from which even larger sample may need to be analysed to establish a useful particle 

size distribution. This could be done by conducting tests in smaller batches and 

accumulating the results. The sample could be fed into the spring in the appropriate 

doses using a suitable feeder. Such set up would be useful for an on-line application.

An on line application will require the construction of an iso-kinetic sampler capable 

of extracting representative samples from the process stream for analysis using the 

spring particle sizer. This sampler will then feed the sample directly into the spring or 

into a batch feeder described earlier. The rest of the procedure would remain 

unaltered.

Improvements through the computer program could be made by adding functions 

which enhance the system capability and reliability. An auto calibration function 

could be added to re-calibrate the system when the operating conditions change. This 

calibration would be for the mass measurement. A reset function would check for the 

system being at the correct position at the start of an analysis. Any irregularity caused 

by previously unfinished tests or unclean spring would be corrected by this function. 

The size selection function could be improved to allow the user to input the desired 

number of size fractions and select the actual sizes for analysis. The system operation 

is automated according to what the typical operation procedure would be. It could be 

further modified to incorporate any changes according to user’s application.
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APPENDIX A 

COMPUTER CONTROLLED PULSE POWER 

CIRCUITRY

The following describes the integrated drive and control electronics system used for a 

fully automated operation of the spring particle sizer. The logic diagram of the 

electronic system highlighting the layout of the computer controlled pulse power 

circuitry is shown in figure A-1.

Power Supplies

These consist of conventional, transformer derived, series stabilised supplies and are 

used for the following purposes:

a) +5 Volts regulated (type LM7805) for the digital circuitry.

b) ±15 Volts regulated (types LM7815, LM7915) for powering the analogue 

sections of the unit.

c) A raw +40 Volt supply is used, after suitable processing, both for 

powering the various mechanical parts of the equipment (such as 

solenoids, air valves, etc.) and as the basis for the variable power stage 

driver for the vibrating mechanism via electromagnet.

Optical Emitter/Detector Circuit

A photodiode emitter/ phototransistor detector pair is used to sense the resonant 

frequency and amplitude of the vibrating assembly. The input signal from the 

phototransistor is passed through a simple low pass filter to remove any high 

frequency noise picked up along the signal leads, and then given some initial 

amplification (xlO) and buffering by a low noise operational amplifier, type OP 177, 

before being passed on to the computer controlled. Programmable Gain Amplifier.
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Computer Controlled, Programmable Gain Amplifier

This stage is formed of a low noise Operational Amplifier (op-amp, type OPI77), a 

current output, Multiplying, 12 Bit Digital-to-Analog converter (DAC, type 

PM7545), which is arranged in such a way as to provide the feedback path for the op- 

amp. Since the output current ratio of the DAC can be varied under computer control

over a range of 2^^ (from 16384 to unity), the resulting output voltage from the stage 

can be adjusted to provide the highest accuracy input to the amplitude measuring

system.

The amplified signal from this stage is made available at the front panel in two 

forms, either in its existing A C. form (Analogue Out socket), which gives direct 

access to the signal, but requires more processing by computer software, or in 

rectified D C. form (Rectified Out socket, see below), which requires less computer 

processing but may be less suitable for some forms of data retrieval. In either case the 

signal is then passed on to the power amplifier section, and for output to the 

Analogue to Digital converter section of the interface card in the computer.

Signal Rectifier Circuit

This section takes the amplified signal and produces a smoothed, full-wave-rectified 

and buffered, positive going output signal using a precision op-amp (type 

OPA2277/OP177) /diode (type BAT85) rectifier-plus-integrator stage.

Power Amplifier Stage

The Power Amplifier Stage consists of a Comparator (type LM311) stage, used to 

convert the amplified input waveform into a clean rectangular pulse, prior to using 

this to trigger the following stages. It is also fed to a front panel socket for further use 

(“Test Point (Output).”)

The shaped pulse is then fed into the first of two identical digital delay circuits. This 

consists of a chain of pre-settable 8-bit down counters (type 74HCT40103), giving 24
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bits, of which only the first 20 bits are used. The counters can be preset to a given 

delay value from the controlling computer, this being stored in a set of latches (type 

74HCT574) for reuse for each subsequent input pulse.

The delay is initiated by the positive going edge of the incoming rectangular pulse. 

This releases the counter stages from the point where they have been re-loaded with 

the desired delay period. This also produces the positive going, leading edge of the 

delay pulse from the front panel socket (“Test Point (Phase).”) The stage then begins 

to count down, from this point, in steps of 1 micro-second (derived from a IMhz 

master clock oscillator) until they reach zero, at which point the negative going, 

trailing edge of the delay pulse appears at the front panel socket. This negative edge 

is the trigger input to the second delay stage, which operates identically to the first, 

producing its delayed pulse at the front panel socket (“Test Point (Pulse).”) This 

output is also used to turn on the driver transistor stage which energises the 

electromagnet. In this way the system loop is closed, and oscillation is maintained.

Variable Power Stage Supply

This supply uses an Adjustable Voltage Regulator I.C. (type LM338) as the series 

pass component of a standard op-amp, type TL071, controlled power supply unit. 

The reference voltage for the system is however derived from a type AD7845, 12 Bit 

Digital to Analog converter, which is controlled by the system computer. This allows 

very precise control of the power applied to the electromagnet, for accurate amplitude 

control. Electromagnet current can also be determined by an output to the Analogue 

to Digital Converter card in the computer.

System Computer Interface

All software controllable parts of the system are connected to the computer via the 2,

8 Bit and 1, 7 Bit Digital Input/Output Port on the Analogue/Digital I/O card in the 

computer. These are used as a single 23 Bit Bus, as follows:

a) The lowest 20 Bits (AO to A 19) are used for data input/output.
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b) The uppermost 3 Bits (A20 to A23), are used to access the various functions of 

the unit, in certain cases together with lines AO, and A l, being connected to a 3 

line to 8 line decoder, type 74HCT138. These 8 lines (0 to 7) are then used as 

follows;

7) Read frequency.

6) Set Pulse delay 

5) Set Phase delay

4) Set Programmable Amplifier Gain

3) Set Variable Power Stage Voltage

2) Device “ON”

1) Device “OFF”

0) Unassigned

Device “ON” and Device “OFF” refer to the Feed Hopper Solenoid, Stepper Motors 

and Air Valve activation sequences. Address lines AO and A l are applied to a dual 2 

line to 4 line decoder, (type 74HCT139), one decoder half also receiving the Device 

“On” line, the other the Device “O ff’ line. This gives 4 “On” lines, and 4 “O ff’ lines, 

a matched pair of each being taken to a latch flip-flop I.C. (type 74HCT74), whose 

output is toggled high or low accordingly, and remains in that state until the opposite 

is requested. The output from each of these is used to drive a power transistor stage, 

identical to that driving the electromagnet, which in turn switches the required 

system device.
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APPENDIX B 

ADDRESSING AND ACCESSING 

THE SYSTEM BOARDS

The following describes the addressing of the various ports of the analogue to digital 

I/O interface card (DT 321, Data Translation Inc.) used. This addressing, via the HP 

VEE, is required to access the various components like solenoids, valves and motors, 

which are functioned by the electronic control box. The addresses are required for 

writing the program and for configuring the control commands.

Control of and access to the pulse power system functions is by way of a 23 Bit 

interface bus between the multi I/O card in the P C. and the system unit. In the case 

of the card used, controlling which function is accessed at any given time is by way 

of the lowest 7 Bits of I/O Port C. Since three of the functions (pulse delay, pulse 

width, and frequency meter) have accessibility to 24 bits, it is necessary to read/write 

the appropriate functions in two parts, and this is accomplished using Bit 0 of Port C. 

Switching of the system from write to read is only necessary during access to the 

frequency function, and this is arranged automatically by Bit 6 of Port C. Bits 0-6 of 

Port C are used as follows, and except where stated, are all active low (=0):

Bit 0: Used with all functions. When at low level (=0), it enables reading or 

writing to and from the lowest 16 bits of the system boards, using I/O Ports 

A and B of the multi I/O card. When at high level (=1), it enables reading 

or writing to and from the uppermost 8 bits of the system boards. This 

uppermost byte is however read into or written out of Port A on the multi 

I/O card.
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Bit 1: This bit is used in conjunction with Bits 0-3 of Port A to access the 

H ardw are ON/OFF outputs of the system as follows, writing $FC 

(decimal 252) to Port C:

Function Bit 3 Bit 2 Bit 1 Bit 0 Decimal

Hopper Off 

Hopper On

Motor A Off 

Motor A On

Air Valve Off 

Air Valve On

Motor A Fwd 

Motor A Rev

Motor B Off 

Motor B On

Spare

Spare

Motor B Fwd 

Motor B Rev

Spare

Spare

8

9

10 

11

12

13

14

15

The stepper motor operation is either separate On and Off action, when stepper driver 

boards have their own clock oscillators fitted, or Pulsed (Off/On/Off) when stepped 

via computer clocking subroutine. Driver boards currently set to Pulsed mode.
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Bit 2: Used to adjust the gain of the Programmable Gain Amplifier. Only the 

lowest 12 Bits of the bus are used, therefore Bit 0 is always low. The value 

to write to Port C to latch the required gain into the system =$FA (decimal 

250).

Bit 3: Used to adjust the voltage of the electromagnet Power Supply. Again, only 

the lowest 12 bits are used. The value to write to Port C to latch the 

required gain into the system =$F6 (decimal 246).

Bit 4: Used to adjust the Phase Delay circuit. Adjustable in steps of 1 

microsecond, this uses (if required) 24 bits of data, and therefore needs to 

be accessed in two stages. The uppermost 8 Bits are latched into the 

system using the value =$EF (decimal 239), and the lowest 16 Bits using 

=$EE (decimal 238).

Bit 5: Used to adjust the Pulse Width circuit. Adjustable in steps of 

1 microsecond, this uses (if required) 24 bits of data, and therefore needs to 

be accessed in two stages. The uppermost 8 Bits are latched into the 

system using the value =$DF (decimal 223), and the lowest 16 Bits using 

=$DE (decimal 222).

Bit 6: Used to read the Frequency Meter circuit. The only output function (to the 

Multi I/O card), this reads 24 bits of data, and again needs to be accessed 

in two stages. The uppermost 8 Bits are read using the value =$BF 

(decimal 191), and the lowest 16 Bits using =$BE (decimal 190).
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Writing the software

For safety, start-up initialisation routine is run.

For those functions which require data to be sent to the system, that is all except the 

Frequency Meter function, data is sent in the following manner:

1). The highest byte of data is sent to the unit from Port A, followed by the 

relevant latch byte being sent to Port C.

2). The latch byte $FF (decimal 255) is then sent to Port C to place the function in 

a disabled state, else the next bytes (the lower 16 Bits) would overwrite the one 

just sent, leading to erroneous behaviour.

3). The low and middle range bytes are then sent to the unit from Ports A & B, 

followed by the latch byte to Port C.

4). Finally $FF is once again sent to Port C to disable the system access.

For the Frequency Meter function, which requires that data be read from the system, 

the method of access to the system is reversed.

1). The latch byte $BF (decimal 191) is sent to Port C. The highest byte of 

Frequency data can then be read into Port A of the Multi I/O card. Once again 

$FF is sent to Port C to disable the system.

2). The latch byte $BE is then sent to Port C, after which the low and middle bytes 

of data can be read into the Multi I/O card Ports A & B respectively. Finally, 

$FF is sent to Port C to disable the system.
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