
This item was submitted to Loughborough's Research Repository by the author. 
Items in Figshare are protected by copyright, with all rights reserved, unless otherwise indicated.

Particle technology: the 4M business

PLEASE CITE THE PUBLISHED VERSION

PUBLISHER

© Brian Scarlett, his co-authors and assignees

PUBLISHER STATEMENT

This work is made available according to the conditions of the Creative Commons Attribution-NonCommercial-
NoDerivatives 4.0 International (CC BY-NC-ND 4.0) licence. Full details of this licence are available at:
https://creativecommons.org/licenses/by-nc-nd/4.0/

LICENCE

CC BY-NC-ND 4.0

REPOSITORY RECORD

Scarlett, Brian. 2018. “Particle Technology: The 4M Business”. figshare. https://hdl.handle.net/2134/34796.

https://lboro.figshare.com/


University Library 

I~ Loughborough 
.., University 

c· 
Author/Filing Title .. \.:.(-.~!£Z.-;;' ................................... . 

Class Mark ............. 1.. .................................................... . 

Please note that fines are charged on ALL 
overdue items. 



PARTICLE TECHNOLOGY - THE 4M BUSINESS 

A collection of papers 

submitted by 

BRIAN SCARLETT 

in fulfilment 

of the requirements for 

the degree of 

Doctor of Science 

of 

Loughborough University 



CONTENTS 

(1) Particle Technology 

(1.1) The 4M Business 

(1.2) Powder Processing 

(1.3) Particle and Powder Measurement 

(2) Powder Processing 

(2.1) List of Publications 

(2.2) Copies of selected publications 
(printed red in the list) 

(3) Particle and Powder Measurement 

(3.1) List of Publications 

(3.2) Copies of selected publications 
(printed red in the list) 

(4) Curriculum Vitae 

Pages 

1 - 2 

3 - 6 

7 - 10 

11 - 32 

33 - 248 

249 - 270 

271 - 484 

485 - 512 





1.1 PARTICLE TECHNOLOGY - THE 4M BUSINESS 

I have never thought of Particle Technology as a separate discipline or training, rather have I seen it as an 
integral and vital part of the engineering discipline of Process Technology. This discipline is often called 
Chemical Engineering but the process industries encompass far more than chemicals, they include other 
industries such as pharmaceutics, minerals and food. It has been estimated that 70% of the final or 
intermediate products of these process industries are in particulate form.(I) They may be called a powder, 
paste, slurry, suspension, emulsion, aerosol or spray. The common feature is that there is a continuous and a 
disperse phase. The disperse phase is in the form of particles. Of course, the science of particulate materials 
has important applications in almost every branch of technology, for example in civil engineering, 
electronics and combustion engineering. The essential difference, in process engineering, is that the 
particulate nature of the materials is not just inherent; rather we deliberately design both the particulate 
product and the process to make it. Thus, two of the "M's" in this business are the Manipulating and 
Making of particles. The properties of a particulate material depend upon those of the constituent materials 
but also critically upon the disposition of the particulate phase. To manipulate the product, we create a 
mixture of sizes, shapes and species that will deliver the required functional properties. The consequent 
step, the making, is to design and operate the processes that will make that mixture. The tools that we use 
are Measuring and Modelling. These tools are not exclusive to particle technology, they are the tools used 
by any process engineer. However, it is true that measurement plays a much greater role in particle 
technology than in some other branches of process engineering. The reason for this is that any model 
requires input data. In some cases, this may simply be values of constants or of properties, such as the 
density or viscosity of a liquid that can easily be measured or be found in a database. In Particle 
Technology, every material is comprised of a different population of sizes, shapes and other properties. It is 
inevitable that an individual characterization is always necessary. 

This report summarizes the results of 40 years of endeavour, divided equally between Loughborough 
University of Technology and Delft University of Technology. In both universities I was the Group Leader 
of the Particle Technology Group and so most of my work has been done in cooperation with colleagues 
and with students. The result has been more than 50 Ph.D. theses and many more Master's theses. In Delft, 
every student is required to make a research project of about 9 months duration to complete the Master's 
degree. We have always strived to enable students to attend international conferences and so there are often 
conference papers and later a journal paper on the same subject. In such multiple author papers, my rule was 
that my name should be usually at the end, occasionally at the beginning, but not in the middle. 

I have always taken a broad interest in the subject, specialised in Particle Technology but not within Particle 
Technology. Consequently, the publications cover a wide range of subjects. They have been divided 
arbitrarily into two groups. Those that concern primarily the objectives, Making and Manipulating, are 
grouped as Powder Processing. Those that concern mainly the tools, Measuring and Modeling, are grouped 
as Particle and Powder ~Measurement. In turn, each of these groups has been divided into sections. In the 
subsequent text these sections are described and are identified by being printed in red. Only within the 
sections are the publications listed chronologically. A distinction is made between a published article (P), a 
conference paper (C) and a review or plenary lecture (R). From the approximately 370 papers 42 have been 
selected and are reproduced here. They are readily identifiable within the list of publications because they 
are printed in red. 



1.2 POWDER PROCESSING (Manipulating and Making) 

During the last century, process technology developed from its early conception into a mature and 
sophisticated subject. A clear record of this development was given in 1996 by Professor Jacques Villemaux 
(2). He described the three paradigms that the profession has followed. The subject of Particle Technology 
has followed those same paradigms. 

Process Engineering first developed as a collection of unit operations; individual processes that can be 
combined, usually sequentially, to achieve the total process. Some unit operations had little to do with 
Particle Technology, for example distillation. On the other hand, many unit operations were clearly particle 
processes. Making particles smaller from a bulk could be milling or spraying dependant on the phase of the 
material. Similarly, growing particles from the molecular level is crystallization or aerosol reaction, also 
dependent on the phase. Combining small particles together into larger ones is agglomeration and 
combining several species is mixing. Separating particles from a fluid is filtration or gas cleaning, again 
dependent on the continuous phase. Many expert Process Technologists still specialize in one unit operation 
and organize their conferences and journals on this basis. In this collection of papers, those that fit the unit 
operation classification are grouped under these headings which are emphasized in red. 

The second stage in the development of process engineering was to group the skills on a scientific rather 
than a technological basis; reactor engineering, transport phenomena, process control and others. Particle 
Technology was conceived by many, including myself, as such a comprehensive subject with certain 
common concepts and rules. The core of the subject is the relationship between the microscopic and 
macroscopic properties, to relate the particle distribution of the disperse phase to the resulting macroscopic 
behaviour. In the early days the subject was somewhat confined to models of spherical particles and of 
circular pores. This eamed a reputation for Particle Technology of being more empirical than some other 
subjects that were more amenable to more exact analysis. 

The direct application of the equivalent sphere model is to those systems where the concentration of the 
particles is so low that there is no inter-particle interaction to consider. If the behaviour of a single particle 
can be described as a function of its size, then the behaviour of the whole cloud or suspension can be 
integrated from a knowledge of the particle size distribution. The requirement is to understand 
quantitatively the forces that are exerted on a single particle. Usually this includes the particle-fluid drag and 
any other applied force. For gas systems, the electrostatic force is particularly interesting and offers 
opportunities to develop new processes and new equipment. The papers that are particularly concerned with 
these principles have been divided into those two c1asses,forces and separately, electrostatics. 

As the concentration of the particles increases then their interaction with the fluid is coupled. The effective 
drag may be increased by two orders of magnitude which leads to complex inhomogeneities and 
instabilities. Experimental observations of these instabilities are described in those papers classified as 
fluidization and hydraulic transport. In the last decade the readily available computers have become 
powerful enough to simultaneously track the position of many thousands of particles within such a process 
where the particles frequently collide but are still separate. This has led to the popularity of the Discrete 
Element Simulation (DES) techniques which are achieving success in simulating the observed instabilities 
although they do not yet fully iterate the particle-fluid coupling. However, such simulations also need basic 
input data, more scientific models of what happens at the particle-fluid interface on the molecular scale and 
at the particle-particle contact during a collision. In turn, a simulation of the behaviour of a sample of one 
million particles occupies appreciable computer time but this sample is small compared to the full-scale 
equipment. Maybe it was this realisation that stimulated the development of the third paradigm of Process 
Technology, the multi-scale paradigm. 

Whatever the stimulation, the role and importance of Particle Technology is today much clearer than ever 
and will lead, I believe, to much more effective development of the subject. The third paradigm is illustrated 
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in Figure la, which is taken from the article of Professor Villemaux in which he explains that any problem 
can be viewed with different length scales and different time scales. In the figure he shows the five length 
scales, nano- to mega-scale, which concern process engineers. When thinking in one scale the fundamental 
rules that must be used come from the smaller scale and the applications of the thinking are to the larger 
scale. In Figure I b, the concept of length scales is adapted for Particle Technology. The particles, powder 
and equipment are essential length scales within the paradigm. 
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Figure I.B 

Extrapolating further, at the smaller scale, the particle properties are dependent upon the chemistry, 
particularly the surface chemistry, and at the larger scale, the equipment is incorporated into total processes. 
Extrapolating even further, the processes all combine to contribute to the environment and, at the smaller 
scale, the chemistry can be interpreted by understanding the structure of the nucleus. Particle Technology 
can also be structured on the axis of time. The chemical reactions that occur in a particulate system may 
have a time scale of milliseconds. The mechanical processes occupy seconds and large-scale equipment may 
have a residence time of hours. Environmental effects may have a response time of decades. 

The concept is not completely new, rather the capabilities have complelely changed. In striving to develop 
the subject as a science, it was always the intention to relate the particle properties to those of the powder 
and the powder properties to the design of the equipment. The individual particles obey the constitutive 
equations for that material and the fluid surrounding them obeys the N avier-Stokes equation. The limitation 
is that their behaviour does not average to a few effective constitutive equations for the powder. Any 
particular powder reacts to both the equipment and the operating conditions and takes up a different state. 
Thus, it is not possible to separate the material, equipment and operating variables in the classic way even if 
the particles do not change. Usually, the particle properties are also changing as a result of the process. The 
new paradigm is applicable because the computer now offers the possibility not only to simulate but also to 
iterate between the relevant length and time scales. The computer does not obviate the need for analytical 
thinking, it will never be powerful enough to achieve such iteration unless the problem is formulated in a 
consequent form. This capability is changing completely the previously totally empirical approach to an 
important subject like dust explosions where the turbulence, burning and radiative transfer are all occurring 
simultaneously and where these mechanisms are strongly coupled. This group of papers reflects the interest 
I have always had in process safety. It also reflects the changes that I see and the even greater changes that I 
forsee in process and product modelling. It is now also easy to understand that the unit operation paradigm 
is restrictive because there is rarely a single mechanism active in any piece of equipment and, if it is 
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deliberately so designed, then that is a very restrictive design. The modem paradigm offers the opportunity 
to simulate a conceptual process, based on all of the mechanisms, before the geometry of the equipment is 
chosen. It is also possible to begin to develop procedures for product design whose aim is to match the use 
of the powder and of the process to make it. 

This report also includes papers where the particles were collected from an unknown process and where we 
were required to make a forensic study; to try retrospectively to infer the processes that had formed the 
particles. These sections on 11Ioondust and underground gasification are less open to verification but 
afforded ample opportunity for imagination. The application of forensic particle analysis is not confined to 
criminal activity, every particle tells a story. 

During the early part of this work we called the subject Particle Science and Technology. Gradually it 
became Particle Technology. It has not been necessary to discover many new laws of science; the basic 
knowledge was more than adequate compared to our abilities to apply it to complex particulate systems. 
That situation still appertains although the gap is narrowing as the ability to model improves. There are 
signs that the science on which the models are based may not be adequate. Specifically, there are limitations 
to the classic concepts in the fields of light scattering and of surface forces. Nevertheless, this report 
concerns the past and so it is structured in the technological format, the "4M's". 
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1.3 PARTICLE AND POWDER MEASUREMENT (Measuring and Modelling) 

The behavioural properties of a particulate material depend upon the physical and chemical properties of 
each phase and then upon the sub-division of the disperse phase into a population of particles of different 
size and shape. Thus, in the classic view it is the particle size distribution that distinguishes one sample from 
another of the same material. In this concept, the size of a particle may be expressed as one scalar number 
that is the diameter of a spherical particle, which is equivalent with respect to some common behaviour. If 
the properties of a spherical particle can be related to its diameter, then an equivalent sphere can be defined. 
The most direct equivalence is geometrical, for example the sphere of equivalent volume or the sphere of 
equivalent surface. The early measuring techniques which determine directly some geometrical feature of 
the particle were sieving and microscope counting, both of which make some determination on a projected 
area of the particle. However, in developing measuring techniques it was more convenient to define a 
behavioural equivalent. If there exists an analytical solution relating the behaviour of a spherical particle to 
its diameter, then that behaviour can be utilized as a measurement method. Such analytical solutions have 
existed for more than 100 years and there are two that are the basis of most particle measurement 
techniques. They are Stokes' Law and Mie theory. 

Stokes' Law relates the viscous drag between a spherical particle and a fluid to its diameter. The method is 
necessarily slow but is still used for some applications. As the particles become smaller, there is a 
competition between the gravitational settling and the Brownian motion of the particles. One solution is to 
enhance the settling velocity as in centrifugal sizing techniques. Alternatively, the Brownian motion can be 
measured using photon correlation spectroscopy. The particle size is then determined by assuming that the 
Stokes-Einstein equation applies. 

Mie theory relates the angular distribution of the intensity of light scattered by a spherical particle to its 
diameter and to its refractive index. Early aerosol counting devices used a white light source and they 
required careful calibration to determine the size of the particle. In measuring particles suspended in a 
liquid, the early electronic counting device was the COlllter Counter. In this device, the particles are 
counted as they pass through an orifice by interrupting an electrical current that is also passing through the 
orifice. With the right design, the response is proportional to particle volume. The instrument is still the 
most accurate ofthe laboratory-based instruments. 

Since Stokes' and Mie derived their equations tens ofthousands of papers have been written about particle 
size(general) size measurement. Any phenomenon that is dependent upon particle size has been used to 
measure it. There is currently, for example, much interest in the use of acoustic techniques to measure 
particle size. However, the majority of instruments that are widely used and are sold commercially are based 
on the same few principles. They are mechanical separation, sedimentation, optical techniques and electric 
field. The reason for this is clear. Any method of measurement should give a response to particle size which 
is preferably linear and is at least monotonic. The equivalent sphere concept ensures that the response is 
linear with size as long as the method is used within the range of applicability of the appropriate equation. 
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As modem photo-detectors have become available, the optical techniques are no longer confined to be 
counters of single particles. Collectively, they are by far the most widely used because of their speed and 
flexibility. The laser provides a monochromatic source and thus the signal received from a population of 
particles can be de-convoluted. These techniques are often called laser diffraction but they are not confined 
to that regime of scattering. Similarly, when the scattered light is focused, the image is no longer dependent 
only on human interpretation and many features of particle size and shape can be recorded by image 
analysis techniques. 

When the intensity of the laser is increased, the particle does not simply passively scatter the light but is 
itself ablated. This phenomenon has endless possible applications. This report includes papers where the 
ablated fragments are passed directly to a mass spectrometer. In this way, the particles can be identified not 
only by size but also by species. More recent interest has been to apply this technique to biological aerosols, 
inert particles that are carrying a biological passenger. 

The electrical technique has also been revised in a different form. Tomography is an essential tool in 
medicine but has come late to process engineering. The reason is that the speed of x-ray tomography is still 
too low to be used for process monitoring. However, various forms of electrical tomography, such as 
resistive and capacitive, are being developed to measure particle concentration and velocity. They have not 
yet been applied to single particles but that will come. 

A particle size instrument may be judged on the basis of reproducibility, sensitivity and accuracy. The first 
requirement is to ensure that the sampling is representative. Most modem instruments are then reproducible 
when used carefully and their sensitivity can be adjusted according to the application. With regard to 
accuracy, it is a little disturbing that they do not all give the same result with the same sample, even when 
they are different versions of the same technique. This is the reason for the importance of standards. And I 
am currently Chairman of the appropriate ISO committee. Standards are not intended to restrict 
development, rather to make it clear that any two methods can be calibrated to coincide if they are operating 
in a linear regime. I have constantly advocated the view that the equivalent volume diameter should be 
considered to be the basic size of any particle and that its ratio to any other equivalent sphere constitutes an 
arbitrary shape factor. Figure3 illustrates, for example, the relationship between the sieve diameter and the 
volume diameter of a sample of irregular particles. 
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Within the paradigm of particle, powder and equipment the first choice to be made is the whether to 
characterise the particle and to model the powder or to characterise the powder directly and thus to model 
the equipment. The particle size distribution of a powder is usually considered sufficient to distinguish one 
sample from another and for dilute systems may be used to model the equipment directly. This is 
increasingly possible as the particle measuring techniques are moved from the laboratory and are applied 
on-line in the plant. A model of the process can then also be created and adjusted on-line. However, some 
particle properties do not depend only upon their size and shape and must also be measured. An important 
example of such a property is that of particle strength, the reaction of the particle to applied mechanical 
forces. The strength of a particle is dependent primarily upon its weaknesses, the small imperfections and 
flaws that exist in every particle due to its previous history. Such a parameter must be defined and measured 
separately. For more concentrated systems the particle shape is at least as important as the size and in 
packed particle systems it may be dominant. For these systems the equivalent sphere model is inadequate 
and, it may be necessary to make a direct measurement of the bulk properties of the powder. Some of these 
properties are borrowed directly from solids mechanics, for example the conductivity of a packed bed of 
particles. Other properties depend upon the pore space between the particles, for example the permeability 
to fluid flow of a bed of particles. The most difficult case is when the particles move due to an applied 
stress. The subject of powder flow is quite distinct from both fluid and solid mechanics although it borrows 
many ideas from the subject of soil mechanics. When the particles shear in a packed state the phenomenon 
of dilatancy is dominant and this, in turn, is dependent upon the anisotropy of the particle array. In this 
collection of papers, the idea is proposed that it is necessary to split each particle into smaller units in order 
to model such complex arrays, each particle being considered to be a bundle of chords or of cones. 

Forty years ago the measurement techniques available were modest and consequently the models and design 
procedures we used were confined by what could be measured. Today, if the parameter can be defined then 
it can be measured. Thus, the challenges, which this subject, Particle Technology, poses, have never been 
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more amenable to realistic solutions. The best is yet to come! Nevertheless, the time has also come for me 
to submit this report. 
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