i1 M Loughborough
 University

This item was submitted to Loughborough's Research Repository by the author.
ltems 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/

c Loughborough
University

University Library

Author/Filing Title (g-f??'f“;—?'" ....................................
Class Mark cooeennne, e e e rere et rasre et aenareseeeranaans

Please note that fines are charged on ALL
overdue items.

040300358X

ELIWANT




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

7- 10

11- 32

33 - 248

249 - 270

271-484

485 - 512



ST T A Al R A AU T T Ll PR Rt o

vl

Date 29 /_7 /) <

#03002S¥ ¥

Acp
o,




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.(1) 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 filfration 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 earned 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 classes, 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
Sluidization 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



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 1b, 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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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 Navier-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 [
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



deliberately so designed, then that is a very restrictive design. The modern 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 moondust and underground gasification are less open to verification but
afforded ample opportunity for imagination. The application of forensic particle analysis 1s 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”.



1.3 PARTICLE AND POWDER MEASUREMENT _(Measuring and Modellin

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 Coulter 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 of the laboratory-based instruments.

Since Stokes’ and Mie derived their equations tens of thousands 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.



Equivalent Spherical Diameters

> 0o
> 0 o
[ o @ o

@ ®
Equivalent Equlvalent Equivalent
surface volume Sleve mesh

Figure 2

As modern photo-detectors have become available, the optical technigues 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 modern 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 distingnish 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



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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MIXING

"Mixing",

B. Scarlett;

Chemical and Process Engng., 46, 197 (1965). 1965

"Some improved scale-up rules for a conventional Nautamixer",
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D.M.A. Camelot, P.J. Kooyman, J.C.M. Marijnissen, B. Scarlett;
Proceedings World Congress on Particle Technology 3, Brighton, July 1998. 1998

"Bipolar coagulation: charge distribution of coagulated droplets”,
D.M.A. Camelot, J.P. Borra, J.C.M. Marijnissen, B. Scarlett; _
JOURNAL OF AEROSOL SCIENCE, Vol. 29, 1, 1998, pp. S979-S980. 1998

"Mechanisms ofjet break-up for EHDA in the cone-jet mode",
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S. Verdoold, J.C.M. Marijnissen, B. Scarlett;

J. of Aerosol Science, Vol.31, Issue SUPPL.1, September, pp. S857-5S858.
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R.A. Kiihnel, J.M. Vieeskens, B. Scarlett;

In: Proc.1987 Int.Conf. on Coal Science, Hamburg,

Elsevier Scientific, Publ. 575-579.

"Criteria for recognition of thermal conditions during the underground

coal gasification: experience from Widco field test in Centralia, WA., U.S.A",
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M.J. Groves, B. Scarlett, B.H. Kaye;

Brit.Chem.Engng., 9(11), 742-4, 1964,

“Particle Size of Pharmaceutical Emulsions”,
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"Mass Calibration of PFBC fly-ash separation by density with

the Coulter muitisizer”. Presentation of cyclone efficiency in three dimensions”,
Bernard, J.G., H.L. Jansma, H.G. Merkus and B. Scarlett,

Particle Size Analysis, Ed. P.J. Lloyd, pp. 135-149, 1988.
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Boxman, A., H.G. Merkus, P.J.T. Verheijen and B. Scarlett;
Applied Optics/Vol. 30, No.33, 1991, [ page 305]

“The Use of Azimuthal Intensity Variations in Diffraction Pattens for Particle
Shape Characterization”,

Heffels C.M.G., Heitzmann D., Hileman E.D., Scarlett B.;
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"On-line Chemical Analysis of Single Aerosol Particles”,
M. Weiss, P.J.T. Verheijen, J.C.M. Marijnissen, B. Scarlett;
Proc.European Aerosol Conference 1896, Delft, The Netherlands.

"On the performance of an on-line time-of-flight mass spectrometer

for aerosols’,

M. Weiss, P.J.T. Verheijen, J.C.M. Marijnissen, B. Scarlett;

Journal of Aerosol Science, Vol.28, No.1, pp. 1569-171, 1997. [ page 311]

"Particle size dependent triggering of the on-line aerosol
TOF mass spectrometer”,

C.J. Grootveld, M. Weiss, J.C.M. Marijnissen, B. Scarlett;
J.Aerosol Sci.Vol.28, Suppl.1, pp. S605-S606, 1997.

"Improvements to the TOF aerosol spectrometer and application

to atmospheric aerosols”,

C.J. Grootveld, A.L. van Wuijckhuijse, M. Weiss, J.C.M. Marijnissen,
B. Scarlett;

Proc. Annual meeting AICHE, Miami Beach, USA, 1998, pp. 712-716.

"Improvements to the tof aerosol mass spectrometer”,

A.L. van Wuijckhuijse, C.J. Grootveld, M. Weiss, J.C.M. Marijnissen,

B. Scarlett;

J.Aerosol Science, Vol.29, 1, 1998, pp.$443-S444, [ page 325]

“Correlating in the aerosol TOF-mass spectrometer detection
frequency to atmospheric particle concentration”,

A.L. van Wuijckhuijse, J.C.M. Marijnissen, B. Scarlett;

J. of Aerosol Science, Vol.30, Suppl.1., pp. $391-8392, 1999.

“Application of matrix-assisted laser desorption/ionization to on-line
aerosol time-of-flight mass spectrometry”,

M.S. Stowers, A.L. van Wuijckhuijse, J.C.M. Marijnissen,

B.L.M. van Baar, Ch.E. Kientz, B. Scarlett;

Rapid Commun, Mass Spectrometry, 14, pp. 829-833, 2000.

“Application of MALDI to on-line aerosol time-of-flight mass spectrometry”,
M.A. Stowers, A.L. van Wuijckhuijse, J.C.M. Marijnissen, B.L.M. van Baar,
Ch.E. Kientz, B. Scarlett;

Book of Abstracts International Mass Spectrometry Conference,
Barcelona 2000, p.37, 2000.

“Using matrix assisted laser desorption/ionisation and an aerosol
TOF-mass spectrometer for bioaerosol detection®,

M.A. Stowers, A.L. van Wuijckhuijse, J.C.M. Marijnissen,

B.L.M. van Baar, Ch.E. Kientz, B. Scarlett;

Proceedings AAAR 2000, St. Louis, USA, p. 438, 2000.

“Bioaerosol detection by aerosol TOF-mass spectrometry.

Application of matrix assisted laser desorption/ionisation”,

A.L. van Wuijckhuijse, M.A. Stowers, J.C.M. Marijnissen,

B.L.M. van Baar, Ch.E. Kientz, B. Scarlett;

J.of Aerosol Science, 30, S1, 2000, pp. S1013-S1014, ISSN 0021-8502.
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‘Bioaerosol Characterization by Combined Time-of-Flight Mass
Spectrometry and Laser-Induced Fluorescence”,

W.A. Stowers, A.L. van Wuijckhuijse, J.C.M. Marijnissen,

3, Scarlett, Ch.E. Kientz;

2roceedings PARTEC 2001, Nirnberg, Germany, 27-29 March 2001.

‘Bioaerosol identification” - Combining Matrix-Assisted Laser
Jesorption/lonisation and Aerosol ToF Mass Spectrometry,

A.L.van Wuijckhuijse,M.A. Stowers,Ch.E, Kientz,J.C.M, Marijnissen,B. Scarlett;

Proceedings PARTEC 2001, Nurnberg, Germany, 27-29 March 2001.

OPTICAL TECHNIQUES GENERAL

‘The application of lasers to particle size measurements”,
Scarlett, B.;
Laser Technologies in Industry. SPIE Vol. 852, pp. 464-471, 1988.

‘Characterization of near backward light scattering for particle size";
Scarlett, B.;
Powder Technology, Vol. PTE(86/1. pp. 127-135, 1995.

'On-line Raman Spectroscopy during Laser-CVP of SizN4, Powders”,
Tuinman, L.L., J.C.M. Marijnissen, B Scarlett and J. Schoonman;
J. Aerosol Sci., 26 Supplement 1 (1995), pp. S607-S608.

‘Possibilities of near backward light scattering for characterizing

dense particle systems”,

C. Heffels, A. Willemse and B. Scarlett;

Powder Technology 86 (1996), pp. 127-135. [ page 327 ]

" Raman Spectroscopy as an On-line Measurement Technique

in a Laser-CVD Reactor During Production of SisNg",

l.L. Tuinman, J.CM. Marijnissen, B. Scarlett and J. Schoonman;

J.of Aerosol Science, Vol. 27, Supp.1, (1996), pp.S295-5296. [ page 337]

"Backward light scattering for particle size measurements”,
AW. Willemse, C. Heffels, H.G. Merkus and B. Scarlett;
Proc. 5th World Congress of Chemical Engineering, San Diego, USA.

‘Monitoring the Dynamics of Concentrated Suspensions by Enhanced
Backward Light Scattering”,

P.T. Spicer, S.E. Pratsinis, AW. Willemse, H.G. Merkus, B. Scarlett;
Part. & Part. Syst. Charact., Vol. 16, pp. 201-206, 1999.

PARTICLE STRENGTH

"Attrition behaviour of alumina particles during lean phase pneumatic conveying”,

P.M.M. Vervoorn, M.C. Franken, J.K. Hoeksema and B. Scarlett;
Pneumatech 2, Int. Conference on Pneumatic Conveying Technology.
London, September1984, Powder Advisory Centre, Canterbury. pp.315-331.
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"The attrition behaviour of agglomerates”,

Scarlett, B. and P.M.M. Vervoorn;

4th Int. Symposium on Agglomeration. (C.E. Capes Ed.),
Toronto 1985, p. 633, ST-11/85-31.

"The attrition behaviour of alumina extrudates in pneumatic transport
and fluidised beds",

Vervoorn, P.M.M. and B. Scarlett;

Proc. Powder and Bulk Solids Conf.1987, Rosemont, Ill, pp. 677-687.

"Attrition behaviour of alumina pellets during lean-phase conveying",
Vervoorn, P.M.M., M.C. Franken, J.K. Hoeksma and B. Scarlett;
Proc. Pneumatech 3, March 1987, Powder Advisory Centre, London,
pp. 487-496.

Deconvolution Procedures in laser light scattering instruments”,
Boxman, A., H.G. Merkus, P.J.T. Verheijen and B. Scarlett;
4th Europ. Symp. Particle Characterization, Nirnberg Messe, {1989).

"A Study of the Fracture of Pellets Fired against a Target",
L.G. Austin, P.M. Trubelja, B. Scarlett;
Part. & Part. Syst. Charact. 10 (1993), p. 347-352. [ page 3391

"A new dust test for granules containing bio materials®,
W.J. Beekman, G.M.H. Meesters, and B. Scarlett;
Proc. European Aerosol Conference 1996, Delft, September 9-12, 1996.

"Measurement of Granule Impact Strength Distributions in a Vibrating
Container filled with Granules”,

W.J. Beekman, G.M.H. Meesters, and B. Scarlett;

Proc. AIChE 5th World Congress of Chemical Engineering, San Diego,
USA, July 14-18, 1996.

"New single particle strength test for a spherical granules with large
size distribution”,

W.J. Beekman, G.M.H. Meesters, and B. Scarlett;

Proc. Chisa '96, Prague, Czech Republic, August 25-30, 1996.

"Simulation of Measured Stress-Strain Behavior of Enzyme Granules",
W.J. Beekman, G.M.H. Meesters, and B. Scarlett;

Proc. AIChE 5th World Congress of Chemical Engineering, San Diego,
USA, July 14-18, 1996.

"Measurement of Granule Impact Strength Distributions in a Vibrating
Container",

W.J. Beekman, G.M.H. Meesters, B. Scarlett;

Proc. World Congress on Particle Technology 3, Brighton, July 1998.
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‘Application of repeated impact test to the study of multi-layerd granules”,
M. Gebert, S. Stoner, A. Gaertner, N. Becker, J.W. Beekman,

G.M.H. Meesters, B. Scarlett;

Proceedings 27" Int.Symp.Controlled Release of Bioactive Materials and
the 3™ Consumer and Diversified Products Conference,

Paris, July 7-13, 2000, 4 pages.

Classification of Breakage Mechanisms of Enzyme Granules using
Repeated Impact Test’,

R. Pitchumani, G.M.H. Meesters , B. Scarlett

Proceedings PARTEC 2001, Nimberg, Germany, 27-29 March 2001.

PARTICLE SIZE GENERAL

'Size Analysis of Sub-sieve Powders Using a Centrifugal
Photosedimentometer”,

M.J. Groves, B. Scarlett, B.H.Kaye;

Brit.Chem.Engng., 9(11), 724-4, 1964.

‘Particle Size Analysis",
B. Scarlett;
Chemical and Process Engng., 46, 197 (1965).

'Particle Size Analysis",
B. Scarlett;
Filtration, 2, 215 (1965).

'Polyhedral Emulsion Particles”,
M.J. Groves, B. Scarlett;
Nature, 207, 288 (1965).

"An Assessment of the Langar Acoustical Counter”,

. Sinclair, P.J. Lloyd, B. Scarlett;

"Particle Size Analysis 1970", eds: M.J. Groves, J.L. Wyatt-Sargent,
p. 61, Soc. Analytical Chemistry, London (1972).

"A Statistical Description of Particulate Systems",
B. Scarlett,
"Particle Size Analysis 1970", eds: M.J. Groves, J.L. Wyatt-Sargent,

p 101, Soc. Analytical Chemistry, London (1972). [ page 345 ]

"Operation of the Langar Acoustic Counter”,

B. Scarlett, I. Sinclair;

Proc. 1st Eur. Symp. Particle Size Measurement, Nurnberg,
Sept. 1975, Dechema Monogr., 75, 393 (1976).

"Representation of Particle Size and Shape”,

B. Scarlett;

dth Int. Congr. Stereology, Gaithesburg, Sept. 1975,
Natl.Bur.Stand., U.S. Spec. Publ. 431, p. 471 (1976).
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"The Application of Stereology to Particle Technology”,

B. Scarlett, P.J. Lloyd;

Proc.4th Int.Congr.Stereology, Gaithesburg, Sept.1975,

Nat.Bur.Stand.(U.S.) Special Publ. 431 pp.. 477 (Jan.1976). [ page 353 1]

"Characterization of Particulates",
B. Scarlett, P.J. Lloyd;
Proc.Int.Powder Bulk Solids Handl.Process, Tech., Program, Rosemont.

"The Mathematical Description of Particle Size and Shape”,
B. Scarlett;
Second Eur.Symp., Particle Charac., Nirnberg, pp.545-564. [ page 359 ]

"The Measurement of Particle Size",

B. Scarlett;

2nd European Symp. on Mechanical Properties of Particulate Solids,
Amsterdam, The Netherlands, 1981,

"Classification of Particle Size Analysis Methods",
B. Scarlett;
Particle Size Analysis '81, Loughborough, Royal Soc.of Chemistry.

The Classification of Particle Sizing Methods”,
B. Scarlett;

Eds. N.G. Stanley-Wood, T. Allen,
Loughborough, 1982, Royal Soc. of Chemistry.

"Particle size analysis and classification - an overlapping view of the
question of overlap”,

B. Scarlett;

European Symposium on Particle Characterization. NMA Nlrnberger
Messe-und Ausstellungsgesellschaft, Nirnberg, 9-11 May 1984. pp. 1-11.

"Particle characterization - irregular particles in a round world",
Scarlett, B.;
The Micromeritics 30 (1986), pp. 41-48.

"Precision and Accuracy in Particle Siving. Round Robin Results from Sedi-
mentation, Laser Diffraction and Electrical Sensing Zone Using BCR67 and 69";
H.G. Merkus, O. Bisschof, S. Drescher, B. Scarlett;

PARTEC 95, 6th European Symposium Particle Characterisation,

March 1995; Preprints pp. 427-436, 1995.

Characterization of Particles and Powders", Processing of Ceramics, Part 1,
B. Scarlett;

VCH Verlagsgesellschaft mbH, Series Material Science and Technology ,
Ed. R.J. Brook, Vol. 17A, pp. 101-125, 1996.

"The Development of New Reference Standards for Particle Sizing
Instrument Calibration”,

G.R.Rideal, J.A.Dodds, M.N.Pons, K.Leschonski, P.J.Lloyd,
H.G.Merkus, B.Scarlett;

Proc. World Congress on Particle Technology 3, Brighton, July 1998,
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“Standardization of nanoparticle measurements”,B. Scarlett;
Journal of Nanoparticle Research, Kluwer Aacademic Publishers,
The Netherlands, Nr. 2, Vol.1-2, 2 pages.

“Recent Modelling of Sedimentation of Suspended Particles: a Survey”,
P. Boogerd, R. Brouwer, B. Scarlett;
Irrig. and Drain. 50: pp. 109-128 (2001), John Wiley & Sons, Ltd.

PHOTON CORRELATION SPECTROSCOPY

"The application of a photon correlation Laser Doppler Anemometer to
a gas-solid two-phase flow",

Boender, W., P.G.J. van der Wel and B. Scarlett;

Proc.4th Miami Int. Symp.on Multi-Phase Transp.& Partic.Phenomena.

"Development of On-line measurement and control Techniques for
Fine Grinding and Dispersion Processes”,

AW. Willemse, M.A. van Drunen, H.G. Merkus, B. Scarlett;
PARTEC95, 6th European Symposium Particle Characterisation,
March 1995; Preprints pp. 167-174, 1995.

“In-situ measurement of aerosols in a silicon nitride flame by photon
correlation spectroscopy",

Tuinman, L.L., M.A. van Drunen, J.C.M. Marijnissen, B. Scarlett and

J. Schoonman;

PARTEC 95, 4th International Congress Optical Particle Sizing (preprints),

publ. Nirnberg Messe GmbH Messezentrum D-20471 Nirnberg, pp. 195-203.

"Development of On-line Measurement and Control Techniques for Fine
Grinding and Dispersion Processes”,

Willemse, AW., M.A. van Drunen, H.G. Merkus, B. Scarlett;
PARTEC95, 6th European Symp.Particle Characterisation, March 1995;
Preprints pp .427 - 436.

"Photon correlation spectroscopy for analysis of low concentration aerosols”,
Willemse, AW., M.A. van Drunen, L.L. Tuinman, J.C.M. Marijnissen,

H.G. Merkus, B. Scarlett;

J.Aerosol Sci., Vol.26 Suppl. 1, pp. S31-S32, 1995,

"Photon correlation spectroscopy for analysis of low concentration
submicrometer samples”,

AW. Willemse, J.C.M. Marijnissen, R. Roos, A. van Wuyckhuyse, B. Scarlett;
Journal of Aerosol Science, Vol. 27, Suppl. 1, pp. S535-5536, 1996.

"Determination of on-line particle size and concentration for low
concentration sub-micron samples”,

AW, Willemse, A.van Wuyckhuyse, Y.Groot, R.Roos, J.Marijnissen, B.Scarlettj

International workshop on optical methods and the physics of colloidal
dispersions, Mainz, Germany, 1996.
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"Development of on-line measuring and control techniques for fine grinding
and dispersion processes",

AW. Willemse, H.G. Merkus and B. Scarlett;

International workshop on optical methods and the physics of colloidal
dispersions, Mainz, Germany, 1996.

"Development of on-line measuring and control techniques for fine
grinding and dispersion processes”,

AW. Willemse, H.G. Merkus and B. Scarlett;

Proc. 5th World Congress of Chemical Engineering, San Diego, USA.

"Photon correlation spectroscopy for analysis of low concentration
submicrometer samples”,

AW. Willemse, J.C.M.Marijnissen, R.Roos, A.van Wuyckhuyse,B.Scarlett;
Proc. European Aerosol Conference, Delft, The Netherlands, 1996.

"Photon correlation spectroscopy for analysis of low concentration
submicrometer samples”,

AW. Willemse, J.C.M. Marijnissen, A.L. van Wuyckhuyse, R. Roos,
H.G. Merkus, B. Scarlett;

Progr. Colloid Polym Sci (1997) 104: 113-116; Steinkopf Verlag 1997.

"Low-Concentration Photon Correlation Spectroscopy”,

AW Willemse, J.C.M.Marijnissen, A.L.van Wuyckhuyse, R.Roos,
H.G.Merkus, B.Scarlett;

Part.Part.Syst.Charact.14 (4) 1997, pp. 157-162.

"Photon correlation spectroscopy for analysis of low concentration aerosols”,
AW. Willemse, J.C.M. Marijnissen, R. Roos, B. Scarlett'
J. Aerosol Sci., vol.28, Suppl.1 (1997), pp. S607-S608.

"Photon correlation spectroscopy for analysis of low concentration
submicrometer samples”,

AW. Willemse, J.C.M. Marijnissen, A.L. van Wuyckhuyse, R. Roos,
H.G. Merkus, B. Scarlett;

Proceedings AAAR 1997, Denver, USA, p. 267.

"Development of on-line measuring and control techniques for fine
grinding and dispersion processes”,

AW. Willemse, H.G. Merkus, B. Scarlett;

Proc. The First European Congress on Chemical Engineering,
Florence, Italy, 4-7 May 1997, pp. 1009-1012.

"Development of a Heterodyne Photon Correlation Spectroscopy
Measuring Probe for Highly Concentrated Dispersions”,

AW. Willemse, H.G. Merkus, B. Scarlett;

Journal of Colloid and Interface Science 204, pp. 247-255 (1998).
Article no. CS985579.

“Development of On-Line Measuring and Control Techniques for
Fine Grinding and Dispersion Processes”,

AW. Willemse, H.G. Merkus, B. Scarlett;

Proc.World Congress on Particle Technology 3, Brighton, July 1998.
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"Photon correlation spectroscopy for analysis of particle size and
concentration of low concentrated aerosols",

E.J. Nijman, AW.Willemse, K.B.Geerse, J.C.M.Marijnissen, B.Scarlett;
Annual meeting AICHE 1998. (Miami Beach, USA, 15-11-88), pp. 690-696.

"Photon correlation spectroscopy for analysis of particle size and
concentration of low concentration aerosols:,

E.J. Nijman, A.W. Willemse, K.B. Geerse, J.C.M. Marijnissen, B, Scarlett;

J. of Aerosol Science, Vol.29, 1, 1998, pp. S107-S108. [ page 381 ]

"Development of a heterodyne PCS measuring probe for highly
concentrated dispersions”,

AW. Willemse, H.G. Merkus, B. Scarlett;

J.of Colloid and Interface Science,Vol.204,1998, pp.247-255. [page 383]

"Development of a heterodyne PCS measuring probe for highly
concentrated dispersions”,

AW. Willemse, H.G. Merkus, B. Scarlett;

Proc. 5th international Congres on Optical Particle Sizing.
August 1998, pp. 11-13.

"Photon correlation spectroscopy; extending the limits of concentration”
AW. Willemse, E.J. Nijman, J.C.M. Marijnissen, H.G. Merkus, B. Scarlett;
KONA, Vol. 16, 1998.

“Photon Correlation Spectroscopy at low concentrations”,
E.J. Nijman, J.C.M. Marijnissen, B. Scarlett;
J. of Aerosol Science, Vol.30, suppl. 1, pp. $143-S144, 1999.

“Investigation of the influence of low particle concentration on photon
correlation spectroscopy”,

E.J. Nijman, H.G. Merkus, J.C.M. Marijnissen, B. Scarlett;

Photon Correlation and Scattering, OSA Technical Digest, Optical

Society of America, Whistler, British Columbia, Canada, December 21-23,
2000, pp.16-18, ISBN: 1-55752-648-6.

“Measuring the size of droplets produced by EHDA with photon
correlation spectroscopy”,

E.J. Nijman, K.B. Geerse, J.C.M. Marijnissen, B. Scarlett;

European Aerosol Conference, Dublin, Ireland, 3-8 September 2000.
J.Aerosol Sci., 31 (2000), pp. S855-5856, ISSN 0021-8502.

“Measuring turbulence in aerosols using photon correlation spectroscopy”,

E.J. Nijman, J.C.M. Marijnissen, H.G. Merkus, B. Scarlett;
Proceedings PARTEC 2001, Nirnberg, Germany, 27-29 March 2001.
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POWDER FLOW

"A Split-Ring Annular Shear Cell for the Determination of the Shear
Strength of a Powder",

B. Scarlett, A.C. Todd;

J.Sci. Inst., Series 2, 1, 655 (1968).

"Stresses in Granular Materials due to Applied Vibration®,

B. Scarlett, |.E. Eastham;

Tripartite Chem. Eng. Cong., Montreal, 1968. "Behaviour of Granular
Materials", pp. 45-54, Inst. Chem. Engrs. (1968).

"The Critical Porosity of Free Flowing Solids”,
B. Scarlett, A.C. Todd;
Trans. ASME, May 1969, pp. 478-488, No. 68-MH-20. [ page 393 1]

"Shear Stress and Dilation of Granular Materials",
R.J. Akers, B. Scarlett, J.S. Parkinson, A.C. Todd;
3rd. CHISA Conf., Marienbad (1969).

"The Application of Geometrical Probability to Particulate Systems”,
Part |, “The Critical Porosity of Sheared Granular Materials",

A.C. Todd, R.J. Akers, J.S. Parkinson, B. Scariett;

Powder Tech., 3, pp. 299-308 (1969/1970).

"Powder Processing and Storage”,
B. Scarlett;
Powtech '79, 6th Conf.Powder Tech. PL 2.1-9.

"Photoelastic Studies of Stress Distributions in Beds of Solid Particles”,
B. Scarlett, D.H. Harris;

2nd European Symp. on Mechanical Properties of Particulate Solids,
Amsterdam 1980.

"Stress Distribution in Bunker Walls",
B. Scarlett;
Powtech '81, Birmingham 1981, Inst.Chem.Eng.Symp. Ser 63, D3/W/1.

"Propogation of a Mechanical Impulse in a Granular Medium”,
B. Scarlett, A. Caldwell;
Int. Symp on Powder Technology, Kyoto, 1981.

"The influence of particle attrition on the wall friction coefficient of a free
flowing particulate solid",

Bergh, W.J.B. van den, A.G. van Dalen and B. Scarlett;

Particle Characterization Vol. 2, Nr. 4 (1985) pp. 71-76.

"Stress-strain behaviour of aerated powders”,

Scarlett, B. and E.F. Hobbel;

EFCE Publications Series N0.49. Reliable Flow of Particulate Solids,
Bergen (Norway), August 1985, Bergen 1985. Session 1, 16.
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'Measurement of the flow behaviour of aerated and fluidised powders

Jsing a rotating viscometer”,

Hobbel, E.F., B. Scarlett;

Particle Charact. Vol. 2, Nr. 4 (1985), pp. 154,159. [ page 405 ]

'Experimental investigation of factors affecting the wall friction of
orittle particulate materials”,

Bergh, W.J.B. van den, B. Scarlett;

1st World Congress Particle Technology Part Ill, Nirnberg,

April 1986. pp. 241-256.

"Influence of particle breakage on the wall friction of brittle particulate solids",
Bergh, W.J.B. van den, B. Scarlett;
Powder Technology 49 (3), pp. 277-288, 1987.

"The influence of the inclination angle of the wall on the wall friction of
brittle particulate solids which are subject to breakage”,

Bergh, W.J.B. van den, B. Scarlett;

11th Annual Powder and Bulk Solids Conference, May 1288, Chicago.

"The influence of Particle Breakage on the Wall Friction of Brittle Particulate
Solids; Mechanisms, Wall Inclination Influences, Consequences”,

Bergh, W.J.B. van den, B. Scarlett;

J. Powder and Bulk Solids Technology, 12, 4, pp.7-14 (1988).

"Influence of Particle Breakage on the wall friction coefficient of brittle
particulate solids",

Bergh, W.J.B. van den, B. Scarlett;

Part 1: “Influence of wall inclination, normal lcad and displacement”.

Part 2; “Application to a silo design”.

Powder Technology, 67, 1991,

part 1: pp. 237-247; part 2: pp. 249-263. [ page 411]

"Stick-Slip Behaviour of Particulate Solids in Powder Testers",
M. van der Kraan, W.J.F. Scholten, H.D.F. Meijer, B. Scarlett;
Proc. Reliable Flow of Particulate Solids Il, Oslo, August, 1993

"Particle properties leading to stick-slip behaviour of compacted

powders in shear testers",

M. van der Kraan, Scholten, W.J.F. Enstad, G.G. Scarlett, B.;

First Particle Technology Forum Part lll, Denver, USA, August 17-19, 1994,
Davies, R.(ed.), American Institute of Chemical Engineers,

New York, USA, pp. 17-23.

“Development of a tester for measuring the caking behaviour of powders”,
Kraan, M. van der, B. Scarlett;

Partec 95, 3rd European Symp. Storage and Flow of Particulate Solids
(Janssen Centennial), Nimberg.
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"Precision and Accuracy in Particle Sizing. Round Robin Results
from Sedimentation, Laser Diffraction and Electrical Sensing zone
Using BCR67 and 69",

Merkus, H.G., O. Bisschof, S. Drescher, B. Scarlett;

PARTEC 95, 6th European Symp.Particle Characterisation,
March 1995; Preprints pp. 427-436.

"Evaluation of the Flexible Wall Biaxial Tester for the Measurement
of BCR-Limestone”,

R.J.M. Janssen, M. van der Kraan, B. Scarlett;

Proc. World Congress on Particle Technology 3, Brlghton July 1998.

"Porosity: A Parameter with no Direction”,
B. Scarlett, M. van der Kraan, R.J.M. Janssen;
Phil. Trans.R.Soc.Lond. A. 1998, 356, pp. 2623-2648. [ page 439 ]

"Evaluation of the flexible wall biaxial tester for the measurement
of BCR-limestone",

R.J.M. Janssen, M. van der Kraan, B. Scarlett;

Preprints of the | st European Symposium Process Technology
in Pharmaceutical and Nutritional Sciences.

(NUrnberg, Germany, 10-03-98), 1998, pp. 209-215.

"Evaluation of the flexible wall biaxial tester for the measurement
of BCR-limestone”,

B. Scarlett, R.J.M, Janssen, M. van der Kraan;

Proc. 6th International Conference on Bulk Materials, Handling and
Transportation. (Wollongong, Australia), 1998, pp. 95-62.

"Demonstrating the Effect of Anisotropy on Powder Flow Behavior”,
R.J.M. Janssen, AW.W. Raharja, B. Scarlett;
Proceedings RELPOWFLO lil, Porsgrunn, Norway, Augustus 11-13, 1999,

“Characterization of powder flow behavior with the Flexible Wall Biaxial Tester”,

R.J.M. Janssen, B. Scarlett;
Proceedings: The Third Israeli Conference for Conveying and Handling of
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