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Many materials exist in the form of a disperse system, for example powders,
pastes, slurries, emulsions and aerosols. The study of such systems necessarily
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disperse systems will use these books and that those who become expert will

contribute further to the series.

Particle Size Measurement
Terence Allen

5th edn, 2 vols, hardback
(0 412 75350 2),

552 and 272 pages

Chemistry of Powder Production
Yasuo Arai

Hardback (0 412 39540 1),
292 pages

Particle Size Analysis
Claus Bernhardt
Translated by H. Finken
Hardback (0 412 55880 7),
428 pages

Particle Classification
K. Heiskanen
Hardback (0 412 49300 4),

330 pages

Pneumatic Conveying of Solids —

A theoretical and practical approach
G.E. Klinzing, R.D. Marcus, F. Rizk and
L.S. Leung

2nd edn, hardback (0 412 72440 5),

624 pages.

Powder Surface Area and Porosity
S. Lowell and Joan E. Shields

3rd edn, hardback (0 412 39690 4),
256 pages

Principles of Flow in Disperse Systems
O. Molerus

Hardback (0 412 40630 6),

314 pages

Processing of Particulate Solids
J.PK. Seville, U. Tiizan and R. Clift
Hardback (0 751 40376 8),

384 pages



Wordfinder index

This index can be used to find the first occurence and definition of technical

terms used throughout the book.

aerodynamic diameter
Aerosizer”

aerosol spectrometer
agglomerate
aggregate

algorithm

ambient air

angle of drain

angle of repose
angle of sliding
anti-caking agent
Apollonian gasket
area fraction
arithmetic probability paper
aspect ratio
assembled mixture
ASTM

attractor fingerprints
autogenous
Bernoulli’s principle
bin

bin bottom angle
binary mixture
Bingham plastic
Blaine

blend

blind pores

blue asbestos

bond percolation
boundary layer

93
96
96
38
38

20
108
108
108
108

58

37

68

83

56

94
129
135
135

15

15

37
253
100

93
256
42
250

Brownian motion
bubble voids

bulk density

Buslik’s index

calcium carbonate
capillary

capillary crumb
capillary forces

CAT scanning
centrifugal air classifier
cermets

chalk

chaos

chaos enhancers
chaotic mixtures
characterization funnels

Chayes’ dot counting procedure

checkerboard mix

chrysotile asbestos
coacervation

coefficient of viscosity
coherent microencapsulation
cohesive powders

computerized axial tomography

concrete aggregate
contact angle
convective mixing

critically self-organized systems

crocidolite asbestos

cumulative less-than distribution

29
113
113

66
244
248
248
248
180
135

57
244

8

25

38
110
177

49
256
144
251

54

3
180

57
245

29
124
256

68



viil  Wordfinder index

cybernetics

cyborg

dense concrete
determinism
diffusional mixing
dilatancy

dilatant suspension
dilate

dilated pseudo-Apollonian gasket

discrete time map

dry grinding

dry impact blending
electrostatic coating
elutriate

empirically

equispaced method
excipient

experimental mathematics
expert systems
extender

false angle of repose
fillers

filming

fineparticle

Fisher number

Fisher subsieve sizer
flax

floaters

flooding

flotsam

flow conditioner
flowagents

fluidized beds

Fourier analysis

fractal dimension
fractal geometry

fractal system

Free flowing powder
free-fall tumbling mixer
friable

funicular crumbs
funicular railway
Gaussian probability function
Gaussian probability paper

10
10
57

29
251
251

29

59
126

54

54

23

22

39

91

40
208

31

39
108
120

54

100
100
244
22
15
22
108
107
20
85
89
59
59

25
22
248
248
68
68

geometric signature waveform 85
geometrical probability 179
glazier’s putty 243
glidants 107
grinding aid 244
hangup 15
heterogeneous microencapsulation 54
heuristic 9
heuristic programming 9
high-pressure rheology 106
holistic 11
holistic rheology 124
hopper 15
host powder 112
hybrid 28
hybrid fineparticles 54
Hybridization® 52
hydrodynamic focusing 96
hydrophilic 245
hydrophobic 245
ideal mixes 43
indirect method of size
characterization 82
intensifier bars 25
inverse dilatancy 252
Jenike shear cell 106
jetsam 22
knead 249
Kozney-Carmen equation 100
lambda position 25
Laplacian determinism 8
layered ordered mix 49
legal variation 44
Levy dust 212
Levy flight 213
linseed oil 244
low-pressure rheology 106
lubricant 108
Luwa mixer 27
mass flow bin 15
Menger sponge 62
microtome 180
mixer 2
mixture 2



modal analysis

modified Buslik index

mongrel

Mote Carlo routine

mosaic

motionless mixer

mulling technique

natural mixes

Newtonian fluid

normal probability distribution

oleophilic

OM’izers

open pores

operational integrity

operationally achievable mixture

ordered mixtures

orifice

orthogonally

particulate

passive mixers

paste

percolation theory

pigeonhole model

pixels

pollute

poured angle of repose

powder charge

propellant mixtures

pseudo-Levy flight

pseudoplastic liquids

pseudostatic sand heaps

putty

quantum

random mixtures

random number table

random sample

random variable

RASAEF index

rat-holing

rationalized sampling efficiency
factor

regimented mixtures

representative sample

rheology

177
71
28
35
37
27
35
43

251
68

245
56
93
81
43
49
15
42

27
57
41
59
37
22
15
19
102
215
253
124
244
32
38
37
63
37
71
15

71
49
64

Wordfinder index

ribbon mixer

Rosiwal intercept method
sampling efficiency factor
sand glasses
satisfactory mixture
scaling property
self-grinding

shear dispersion
shearing stress
Sierpinski carpet
Sierpinski fractal
sinkers

site percolation

slurry

soap

spinning riffler
spontaneous balling
spontaneous pelletization
Static Mixer”
statistically self-similar
stereography

stochastic

stochastic variable
Stokes diameter
strange attractor
strange attractor plot
structured mixtures
surface activate agent
surface tension

tap density test

tapped bulk density
thixotropic

thixotropic suspension
tome

tomography

toner

topological dimension
topologically equivalent
topology

tracer

tracker

transient fluidized bed drum

mixer
triboelectric charge

ix

218
177
70
110
43
59
135
29
250
62
181
22
42
57
245
77
120
120
27
44
179

93
126
126

49
245
245
113
113
252
251
180
180
177

89

89

89
148
148

20
23



x Wordfinder index

tribology 23
Trost mill 135
universal homogeneity of mixing
index 66
velocity gradient 250
Venturi throat 135

voidage 100

volume fraction
wedge walking
weight fraction
wetting

white asbestos

whiting

zigzag mixer

37

37
245
256
243

25



Contents

Wordfinder index

1

1.1
12
1.3
1.4

1.5

2

2.1
2:2
23
24
2.5

3

3.1
32
33
34

42
43
4.4

Mixing technology

An historical overview of powder mixing science and technology
A holistic approach to powder mixing

Mixers and powder mixing mechanisms

What is an ideal mixture? Techniques for describing the structure
of mixture

Graphical and experimental description of mixture structure

Powder and powder mixture characterization technology
Sampling a powder mixture

Techniques for characterizing the grain sizes of a powder
Quantitative description of the shape of powder grains
Fingerprinting powder mixtures using an aerosol spectrometer
Characterizing a powder mixture by its permeability

Powder rheology

A new angle on powder flow characterization

Using flowagents: a Faustian bargain?

Settling down in a vibrated bed

Characterizing the flow behavior of a powder by studying
avalanching behavior

Can ingredient modification expedite mixing strategies?
Alternative ingredient strategies for solving powder mixing
problems

Modifying the size distribution of the powder ingredients
Microencapsulation of ingredients

Technologies for producing microcapsules

Monitoring mixers and mixtures
Distinguishing between chaos creating operations and dispersion
mechanisms

vii

11
19

35
63

77
77
81
83
96
100

106
106
111
113

124

132

132
134
140
140

147

147



Vi

52

5.3

54

5.5

5.6

5:7
5.8

6

6.1
6.2

7

7.1
12
7.3

8
8.1
8.2

9
9.1
9.2

Contents

Poisson tracking as a technique for studying chaotic conditions in
a powder mixer

Using radioactive tracers to follow powder dispersion in powder
mixing equipment

Monitoring mixture structure by means of optical reflectance
measurements

Fingerprint sizing of powder mixtures to monitor the performance
of powder mixing equipment

Characterizing the structure of consolidated mixtures by optical
inspection

Auto- and cross-correlation of mixture structure

Infrared fingerprinting of powder mixtures

The impact of chaos theory and experimental mathematics
on powder mixing theory and practice

Introduction

Randomwalk models of powder mixing

Active mixing machines

Ribbon mixers

Tumbler mixers

High shear mixing and multimechanism mixers

Passive powder mixing systems
Baffled passive mixers
Gravity in-bin mixing devices

Turning powder mixtures into crumbs, pastes and slurries
From powder to paste
Dilatant and thixotropic suspensions

Author index

Subject index

148

155

157

173

175
195
203

207
207
209

218
218
224
229

232
232
234
243
243
249
259

260



1
Mixing technology

1.1 AN HISTORICAL OVERVIEW OF POWDER
MIXING SCIENCE AND TECHNOLOGY

The art of mixing powders is an ancient one. Wall paintings from Egyptian
tombs show technicians mixing powders using a pestle and mortar to create
cosmetic mixtures and medicines. The mixing of the ingredients of gunpowder
has a long history reaching back to at least around 700 BC. A manuscript dating
from that time warns Chinese technicians in a discussion of the art of gunpowder
making that

Many people when mixing gunpowder ingredients have caused fires which
singe the beards of those engaged in the manufacture of such powders and
burns down the building.

The making of cakes and pastries is another ancient art involving the mixing of
powders. Today the cosmetics, pharmaceuticals, explosives and food industries
are major users of mixing equipment.

One of the problems that the student soon encounters when studying the
scientific literature on powder mixing science and technology is a confusing
terminology. This confusion arises from the fact that powder mixing is an
activity of many industrial technologies and there has been little or no attempt to
co-ordinate the evolution of a systematic and carefully defined vocabulary to be
used by scientists from many different technical backgrounds. Throughout this
text we will discuss historical terminology usage in powder mixing and suggest
a consistent set of terms, which will be used throughout the book. To provide
ready reference for the reader to the way in which words are used in this text, the
wordfinder approach has been adopted. In this technique a word is defined the
first time that it is encountered in the text. The first occurrence is highlighted
using a bold font and listed in the wordfinder index placed at the beginning of
the book. When a word is encountered later on in the text, the reader may wish
to refresh his or her memory with regard to the technical term and the
wordfinder index will direct the reader to the definition location. Another reason
for discussing vocabulary used in powder mixing is the need to organize a
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consistent set of key words to be used to retrieve useful research papers from the
world’s rapidly expanding scientific literature. I once did a computer search for
literature on the behavior of suspensions of solids in liquids and received from
the computer a listing of a paper entitled ‘The Theoretical Behaviour of Ideal
Suspensions’. At some expense a copy of the paper was obtained, only for me to
discover that the investigations described in the scientific publication were
concerned with the performance of springs in automobile suspension systems!

Unless scientists pay more attention to the organization of their literature in
such a way that the computer can be used to store and retrieve the information,
they will find themselves floundering in a sea of irrelevant literature. One of the
projects underway at Laurentian University is to take the listing of scientific
publications presented in this book and annotate it with key words so that an
information retrieval system can be organized on the computer system being
used to print the reference list. This is obviously an ongoing project, and in the
future it may be possible to issue the literature list with annotated key words, as
a separate entity from the list of references used, to make this book useful to the
working industrial scientists.

The first thing to note about the vocabulary used in this book is that the term
blend will not be used, except when it occurs in the name of a piece of
equipment. Two main contributory sources to the development of the English
language are root words from Latin and Greek, referred to as ‘classical’
languages, and root words from the Anglo-Saxon which is the parent language
of English. As a consequence of the way in which the language is developed,
there are many doublets in the English language which have virtually the same
meaning, with one of the pair being from Latin root words and the other from
Anglo-Saxon roots. This is the situation with regard to the words ‘mix’ and
‘blend’. In the development of the vocabulary used in the book, we will often
refer to the meaning of the root words of a technical term. Some readers may be
impatient with the discussion of the origin of vocabulary, since they regard
themselves as practical people who are anxious to get on with the job. However,
a great deal of time and money is wasted by a failure to communicate precisely
in a technology such as powder mixing. It is essential that words used in
discussing or posing technical problems should be precisely defined and used
consistently. For example, as we shall discuss later in this section, the word
‘random’ is used in a very sloppy way by various authors, and a failure to define
the concept can result in two scientists talking at cross purposes and never
focusing on the real problem.

The Latin root word miscere means ‘to mix’. This root word has given us the
word mixture, to describe the product of the physical intermingling of more
than one finely divided component when those components retain their physical
identity. A mixer is a piece of equipment in which a mixture is achieved. The
word ‘blend’ comes from an old English root word blanden meaning exactly the
same as the Latin root word. Therefore, blend and blender are doublets of
mixture and mixer. Some investigators have used the word ‘blend’ to indicate the
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gradual addition of a minor ingredient to a mixture, but the usage is not
universal, nor useful, and is not recommended or used in this text.

When discussing the problems of mixing technology it is useful to differentiate
between two main classes of powders. One type, described as free flowing
powder, is typified by such systems as coarse dry sand and coarse metal powders.
In general, free flowing powders are relatively easy to mix, but the resultant
mixture is prone to segregation of the components during subsequent handling
procedures. Cohesive powders are ones in which the constituent fineparticles are
aggregated to each other by forces such as electrostatic forces and liquid bridges
caused by humidity. (The powder does not have to look moist to contain
aggregates formed by internal moisture; this aspect of cohesive powder structure
is discussed in greater detail in Chapter 3 on powder rheology. Rheology is the
scientific term for the study of the flow of substances, a word derived from the
Greek word rheos meaning ‘to flow’.) The subject of moisture control of cohesive
powder properties is very complex. In some situations one must reduce the
environmental humidity to make it possible for powders to flow. In other
situations, one must increase the humidity to avoid problems due to electrostatic
charge. For example the environmental conditions in the laboratory at Laurentian
University can vary widely, reaching 100% humidity in the summer when the
temperature outside the building is close to 100° Fahrenheit, but in the winter,
when the external temperature can be —20° Fahrenheit, internal humidity values
can be so low that dry powder can climb up the walls of a plastic container because
of electrostatic forces. Additives are available which can convert a cohesive
powder, such as fine cement, to one that flows like water. Thus if one adds finely
divided silica to the cement powder it can be transformed into a free flowing
powder. These agents are known by names such as flowagent or glidants.
Flowagents added to powdered ingredients in a mix can promote mixing but can
cause problems later in the mixture handling. In general, cohesive powders are
more difficult to mix than free flowing powders, but the resultant mixtures are far
less susceptible to segregation during subsequent handling than free flowing
powders.

Some scientists have used the words particulate to describe finely divided
material. The term is not used in this book because particle physics to physicists,
and many other scientists, is the study of fragments of the atom. Any computer-
aided literature search based on the word ‘particle’ would flood the enquirer with
publications on muons, neutrons, electrons etc. The term fineparticle is a unique
term which can be used to describe the study of the physical behavior and
properties of finely divided materials including sprays. The term ‘fineparticle’
will be used throughout this text. The kind of confusion that can arise when
using the word ‘particulate’ is illustrated by Beddow in his textbook [1] when he
makes the statement

The most immediate savings which can be released in the operation of
particular mixes is that of mixing time.
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In this sentence he does not mean special mixtures but particles being mixed.
The confusion is obvious.

Even though the art of mixing powders is an ancient tradition, the science of
powder mixing is relatively new. Thus, as pointed out by Karl Sommer in an
introduction to the history of powder mixing,

Despite the long history of dry solids mixing, or perhaps because of it,
comparatively little is known of the mechanisms involved. All the experi-
ence that has been gained ever since solids were first mixed by man some
30,000 to 40,000 years ago has been handed down through the ages
formerly from medicine man to medicine man, now a days from foreman
to foreman. By continuous trial and error a degree of perfection has been
achieved that could hardly been improved upon by scientific approaches

(2]

Although there is some truth to these comments on the history of powder
mixing, there are many industrial scientists today who would not regard the
mixing technology available as constituting a body of knowledge which is a state
of perfection that could hardly be improved upon. This is because industry is
involved in a never ceasing effort to lower costs, improve efficiency and evolve
specialist mixtures. J.K. Beddow, in another review of the history of powder
mixing, comments that

Prior to 1940 there has been little incentive to develop efficient powder
mixing equipment for the powder processing industries as a whole. Since
the power consumed by mixing equipment was not large and the economic
gains that could be achieved by improved mixer design were not a
sufficient stimulus to initiate research, effort focused on better design of
mixing equipment [1].

The beginning of the scientific study of mixing equipment and mixture
structure can be traced back to a pioneering paper published in 1943 by PM.C.
Lacey [3], on the structure of mixtures when the ingredients have had their
positions within the mixture randomized. Beddow points out that Lacey’s paper
had only one reference, to a book on the theory of statistics [1]. The word
stochastic is used by mathematicians who study randomly varying systems. The
word comes from a Greek word meaning ‘I guess’. Thus if we are throwing pairs
of dice in a game of chance, the number that appears when the dice are thrown
is known as a stochastic variable because we can only guess which number will
be generated by the throw of the dice. After the pioneering work of Lacey, there
was a very rapid growth in the literature on the stochastic aspects of powder
mixing. Beddows has commented on the growth of this literature by pointing out
that in the first major work on powder science published in 1948, Dalla Valle’s
pioneering work called Micromeritics, the subject of mixing was not discussed
[4]. (Incidentally, it should be noted that Dalla Valle advocated the use of the
term ‘Micromeritics’, which he coined as an overall term for the subject of
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powder science and technology, including spray technology. The name is still to
be found in some scientific publications but has not been widely adopted.) In
1966 the text Particulate Technology, by Clyde Orr, devoted 30 pages to the
subject of powder mixing [5].

The rapid growth of the literature on powder mixing is evident by the fact that
a bibliography published in 1972 contained 350 references and one prepared in
1976 contained 650 references [6]. As one contemplates such a wealth of
literature, one would anticipate that all of the mixing problems of industry could
be solved if only the busy technologist could find time to read the accumulated
wisdom represented by such a list of references. In fact after the 1970s, interest
in the scientific aspects of powder mixing appeared to wane, and a scientist from
the United States reviewing a book published in 1986 described powder mixing
as

An important but academically unfashionable subject in the United States
[7, 8].

However, academics who have apparently shied away from powder mixing for
10 to 15 years may now be poised for another major set of investigations into
powder mixing because of the current interest in chaos and catastrophe theory
[9-12].

The fact that very little changed in the art of powder mixing during the 1970s
and early 1980s is emphasized by some comments made by Weidenbaum at the
commencement of his chapter on the mixing of powders in a textbook edited by
Fayed and Otten [13]. In these comments he pointed out that the chapter in the
book was the direct reproduction of a chapter written some 12 years earlier for
Perry’s handbook of chemical engineering [14]. He said that it was being
published unchanged because nothing noteworthy had happened in the inter-
vening period. The apparent failure to use the information generated by 30 years
of academic investigation is commented on in a chapter on the mixing of
powders written by J.C. Williams of Bradford University (one of the acknowl-
edged international experts on powder mixing) in a book published in 1986. Dr
Williams states

During the past 30 years there has been much work done at the universities
in the study of solids mixing but the results of this effort are not yet widely
applied in industrial practice [15].

At first sight it is surprising that such information is not being used by the
industrial community. After conducting workshops for industrial scientists con-
cerned with powder mixing for several years, I think that one of the major
problems is that the scientists carrying out the investigations into powder mixing
processes in the 30-year period leading up to 1986 tended to use complex
mathematical symbolism and vocabulary remote from the background of those
who had to use powder mixers. For this reason, a great deal of the information
generated in the academic world was inaccessible to the practical scientist. This
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is one of the reasons why excessive use of mathematical symbolism is avoided in
this book. When I began to plan this book, I started to look again at some of the
high-powered scientific papers on the statistics of powder mixtures that I had
collected over the last 40 years. As I re-read them I remembered some comments
made by Dr J.E. Gordon in one of his delightful books on material science and
structures. These books are The New Science of Strong Materials, or Why You
Don't Fall Through the Floor [16], and Structures, or Why Things Don't Fall
Down [17]. The titles are a good intimation of the flavor of the books. I
personally gained a better appreciation of the science of materials through
reading these two paperback books than from a university course at the second
year honors level. When commenting on textbooks of elasticity, Dr Gordon
made the comments

Since the subject became popular with mathematicians about 150 years
ago, | am afraid that a really formidable number of unreadable incompre-
hensible books have been written about elasticity. Generations of students
have endured agonizing boredom in lectures about materials and struc-
tures. In my opinion, the mystic and mumbo-jumbo is overdone and often
beside the point. It is true that, the higher flights of elasticity are mathe-
matical and very difficult but then, this sort of theory is probably only
rarely used by successful engineering designers. What is actually needed
for a great many ordinary purposes can be understood quite easily by an
intelligent person who will give his or her mind to the matter. ... The
engineering professor is apt to pretend that to get anywhere worthwhile
without higher mathematics is not only impossible but that it would be
vaguely immoral if you could. It seems to me that ordinary mortals like
you and me can get along surprisingly well with some intermediate and I
hope more interesting state of knowledge [16].

If one substitutes ‘powder mixing’ for the word ‘elasticity’ in the above quote,
you have a statement of how 1 feel about some of the complicated theories and
mixing indices of published work on powder mixing.

In all fairness however, it should be pointed out that after Dr Gordon has
severely criticized the boring mathematical complexity of textbooks, he goes on
to add that one does, however, need a basic mathematics survival kit to be able
to proceed in a quantitative manner. He writes:

What we find difficult about mathematics is the formal, symbolic presenta-
tion of the subject by pedagogues with a taste for dogma, sadism and
incomprehensible squiggles. For the most part, wherever mathematical
argument is really needed, I shall try to use graphs and diagrams of the
simplest kind [16].

If T can do this for powder mixing science and technology as successfully as Dr
Gordon did it for structures and materials, I will be satisfied.



