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T he importance of particle technology to the practic­
ing chemical engineer has been highlighted by ar­
ticles such as those by Ennis, et al.,l11 which drew 

attention to "the legacy of neglect in the U.S. ," and Nelson, 
et al.,C21 which invited us to "teach 'em particle technology." 
These articles and the excellent series of articles on particle 
science and technology in the spring 1998 issue of CEE have 
done much to raise awareness in industry and academia of 
the importance of particle technology to the process indus­
tries, of the initiatives that have been set in place to address 
the problem, and the need to teach it in chemical engineering 
courses. 

Several of the CEE articles drew attention to the shortage 
of educational resources for particle technology. Davis and 
Fan131 highlighted the lack of suitable teaching materials and 
recommended that booklets of homework problems, soft­
ware, CD-ROMs, laboratory demonstrations, experiments, 
and textbooks were required. Nelson and Davies141 announced 
the establishment of a web site for gathering multimedia 
educational modules prepared by experienced people in the 
particles field for dissemination to educators in chemical 
engineering. Chase and Jacob151 reported on their successful 
introduction of a solids processing course, team-taught by 
academia and industry to senior undergraduates at the Uni­
versity of Akron. 

These authors highlighted the need to use a range of pri­
mary references and reported on students ' strongly voiced 
opinion that better textbooks are needed on the subject. 
Donnelly and Rajagopalan161 reported on the development of 
a series of instructional modules on particle technology top­
ics at the Engineering Research Center for Particle Science 
and Technology. The objective of the module series pro­
gram is to permit particle technology topics to be squeezed, 
in small doses, into the already overcrowded chemical engi­
neering curriculum. 

This article will focus on educational resources for teach­
ing particle technology and, in particular, on laboratory and 
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classroom demonstrations, which highlight important phe­
nomena and the ways in which the behavior of particulate 
solids is surprising and often counter-intuitive when intu­
ition is based on our experience with fluids . 

Personal experience gained from teaching particle tech­
nology over a period of fifteen years, at two institutions, 
taught me that in order to get students' attention it was often 
necessary to do some demonstrations to show how powders 
behave differently from liquids and gases. A dust explosion, 
for instance, is impressive and never fails to grab attention. 
A good-sized fluidized bed, preferably with a floating plas­
tic duck, is another good one for audiences of all ages and 
backgrounds. A large steel ball that rises to the top of a 
beaker of sand upon shaking, is a favorite, and since it is the 
only one that is readily portable, I tended to rely on it more 
and more as I grew older and lazier. 

I realized at an early stage that demonstrations of the many 
interesting phenomena in particle technology are time con­
suming to set up in the lecture theater or the laboratory. 
Therefore, I made short videos of the more interesting phe­
nomena and those that are the most difficult to explain 
through the spoken and written word, diagrams, or photo­
graphs. I also borrowed video clips from others who are 
more talented at setting up the demonstrations (Professor 
Derek Geldart of Bradford University on fluidization and 
NEU Engineering on pneumatic transport). 

Martin Rhodes is Reader in the Department 
of Chemical Engineering at Monash Univer­
sity in Australia. With a keen interest in par­
ticle technology education, he has directed 
continuing education courses in the area and 
is author of the undergraduate textbook In­
troduction to Particle Technology. His re­
search interests include f/uidization, gas-par­
ticle flows, interparticle forces, and particle 
mixing. 
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The CD-ROM medium al­
lowed me to combine video clips 
and explanatory text in a form 
that is easy to use by both the 
educator in the classroom and 
the student at home. The result­
ing CD-ROM of "Laboratory 
Demonstrations in Particle Tech­
nology" was compiled with the 
assistance of one of my research 
students, Alfi Zakhari, over a 
period of several months. 

I I 
during discharge, powder flows 
along this surface; the only sol­
ids in motion are those flowing 
along these surfaces and down 
the central channel or core; the 
regions of powder lower down 
in the hopper are stagnant until 
the hopper is almost empty. 
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CD-ROM OF 
LABORATORY 
DEMONSTRATIONS IN 
PARTICLE TECHNOLOGY 
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Whether we get mass flow 
or core flow depends not only 
on the slope of the hopper wall, 
but also on the properties of 
the powder and the interaction 
of the powder with the hopper 
wall's material of construction. 
This fact is demonstrated in a 
third video sequence in which 
a different sand (mean size of 
100 µm) gives core flow in the 
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The topics covered in the labo­

ratory demonstrations featured 
on the CD-ROM include flow 

Figure 1. Core flow of solids in a hopper. Solids are 
250-micron sand with some particles colored 

to act as tracers. steep-angled hopper. 
patterns in hoppers, fluidization 
phenomena, hindered settling, gas cy­
clones, dust explosions, pneumatic trans­
port, size and density segregation, and 
stresses developed in particulate solids. 
The user can easily navigate the topics 
on the CD by using mouse-activated but­
tons. An explanation of what is featured 
under each topic is given below. 

Mass Flow and Core Flow 
in Storage Hoppers 

Fluidization 

Ge/dart Classification of Powders • 
Geldart181 classified powders into four 
groups (A, B , C, D) according to their 
fluidization properties at ambient con­
ditions. The Geldart Classification of 
Powders is now used widely in many 
fields of particle technology. 

Mass Flow • In perfect mass flow, 
all the powder in a storage hopper is in 
motion whenever any of it is drawn from 
the outlet. Mass-flow hoppers are smooth 
and steep. A video sequence shows sand 
of mean particle size 250 µm in mass 
flow. The use of alternate layers of col­
ored powder in this sequence clearly 
shows the key features of the flow pat­
terns: the powder surface remains level 

Figure 2. A Geldart Group-A powder 
fluidized in a "2-D" bed. 

[] Group A: Powders that, when flu­
idized by air at ambient conditions, 
give a region of non-bubbling fluidi­
zation, beginning at the minimum flu­
idization velocity Umr, followed by bub­
bling fluidization as fluidizing veloc­
ity increases, are classified as Group 
A. A video clip shows cracking cata­
lyst, a typical group-A powder, exhib­
iting a region of non-bubbling fluidi­
zation as gas velocity is increased from 
zero through Umr and on to the mini­
mum bubbling velocity umb· Expan­

until it reaches the sloping section; the flowing channel 
coincides with the walls of the silo; all the powder is in 
motion; particle velocity profiles are flat in the parallel­
walled section of the hopper. 

Core Flow • This occurs when the powder flows toward 
the outlet of a silo in a channel formed within the powder 
itself. The second video sequence shows the same sand (250 
µm) discharging from a hopper where the sloping walls are 
less steep. Core flow results (see Figure 1). Alternate layers 
of colored powder highlight the important features of core 
flow: the surface of the powder forms an inverted cone; 
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sion of the non-bubbling bed as the gas velocity is increased 
is clearly seen. 

A second video sequence shows that when the air supply is 
interrupted, the bed level initially drops abruptly as the 
bubbles escape and then more slowly as the gas escapes 
from the expanded emulsion phase-another characteristic 
of Group-A powders . 

A third video shows a Group-A powder in a backlit two­
dimensional fluidized bed, showing splitting and coales­
cence and maximum stable bubble size (see Figure 2). 

[] Group B: The first video shows beach sand, a typical 
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Group-B powder, fluidized by air. The video demonstrates that with 
Group-B powders, bubbles appear as soon as the powder fluidizes, 
ie., at Umr· A second video clip shows Group-B powder in a two­
dimensional fluidized bed, and demonstrates that, in Group-B pow­
ders, bubbles continue to grow as they rise and as gas velocity is 
increased, never achieving a maximum size (see Figure 3). 

[] Group C: These are very fine powders that, because of the domi­
nance of interparticle forces, are incapable of fluidization in the strict 
sense. Bubbles do not occur. The gas flow forms channels through the 
powder. Cracks form, and sometimes discrete plugs of solids are 
lifted by the gas flow. The video shows the formation of cracks, 
channels, and rising plugs as an attempt is made to fluidize a Group-C 
powder (see Figure 4). 

[] Group D: These are powders made up of large particles, which like 
Group-B powders give only bubbling fluidization when fluidized by 
air at ambient conditions, but are distinguished by their ability to 
produce deep spouted beds. The video clip shows a deep spouted bed 
of rice grains, a typical Group-D material (see Figure 5). 

Slugging • When the size of the bubbles is greater than about one­
third of the diameter of the fluid bed vessel, the bubble rise velocity is 
controlled by the vessel itself. The bubbles become slugs of gas, and 
the bed becomes a slugging fluidized bed. A slugging fluidized bed is 
shown in the video sequence. 

Pneumatic Transport of 
Powders 

The pneumatic transport 
of particulate solids is 
broadly classified into two 
flow regimes: dilute (or 
lean) phase flow and 
dense-phase flow. 

[] Dilute-phase transport: 
Under these dilute-phase 
flow conditions the solid 
particles behave as indi­
viduals, fully suspended in 
the gas, and fluid-particle 
forces dominate. This is 
simulated in the first video 
sequence. 

[] Dense-phase transport: 
At the opposite end of the 
scale is dense-phase flow, 
characterized by low gas 
velocities ( 1-5 mis) and 
high solids concentrations 
(greater than 30% by vol­
ume) . In dense-phase 
transport, particles are not 
fully suspended and there 
is much interaction be-
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Figure 4. Attempting to fluidize a 
Geldart Group-C powder 

(wheat flour). 

Figure 3. A Gel dart Group-B powder fluidized in 
a "2-D" bed. 

Figure 5. A spouted fluidized bed of rice, 
demonstrating typical Geldart 

Group-D behavior. 
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tween the particles. Examples of horizontal and vertical 
dense-phase transport are shown in video sequences. 

Size and Density Segregation 

[] Pouring Powder into a Heap: The video sequence dem­
onstrates the segregation that occurs when a mixture of two 
different sizes or particles is poured into a heap. Fine par­
ticles are colored differently from larger particles. The 
mixture is poured into a narrow Plexiglas box. The char­
acteristic "Chri stmas Tree" segregation pattern , with the 
fines occupying the center of the heap, is clearly ob­
served (see Figure 6). The dominant segregation mecha­
ni sm in thi s case is percolation. 

[] Segregation in a Rotating Drum: The video sequence 
shows a mixture of different-sized particles rotated in a 
Plexiglas drum at around 60 rpm. Bands of finer particles 
(dark colored) develop over a period of a minute or two (see 
Figure 7). The dominant segregation mechani sm is again 
probably percolation, although other mechanisms are 
likely to be involved. 

[] Segregation by Vibration: A steel ball bearing, about 25 
mm in diameter, is placed at the bottom of a beaker and the 
beaker is filled with sand (about 250 µm , but size is not too 
critical). The beaker and contents are shaken vertically by 
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Figure 6. Segregation pattern formed by pouring a free­

flowing mixture of two sizes of particles into a heap 
(the fine particles are the darker ones). 

Figure 7. Segregation pattern formed by rotating a free­
flowing mixture of two sizes of particles in a horizontal 

drum (fine particles are darker). 
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hand. After a few shakes, the steel ball has risen to the top of 
the sand. Smaller and less-dense balls may be used to dem­
onstrate that the speed of segregation in this case increases 
with size and density of the ball. Several mechanisms have 
been proposed to explain this effect, e.g, (a) the steel ball is 
driven by convection currents set up in the sand; (b) sand 
flows into voids created beneath the ball, causing it to rise; 
(c) the large momentum of the ball compared to that of the 
sand particles drives the ball upwards during the upward 
motion of the beaker. A further video sequence shows a two­
dimensional version of the steel ball experiment described 
here. A steel disc is shown rising through a bed of glass 
beads in a narrow Plexiglas box that is vibrated vertically. 
Colored tracer particles show the motion of the glass ballotini 
as the steel disc ri ses. A strobe effect on the video camera 
allows the motion of the box to be eliminated. 

Fire and Explosion Hazards of Fine Powders 

Finely divided combustible solids, or dusts, dispersed in 
air can give rise to explosions in much the same way as 
flammable gases. Dust explosions have been known to give 
rise to serious property damage and loss of life. Most people 
are probably aware that dust explosions have occurred in 
grain silos and flourrnill s, and in the processing of coal. But 
explosions of dispersions of fine particles of metals (e.g., 
aluminum), plastics, agricultural products, sugar, and phar­
maceutical products can be particularly potent. Processing 
steps where fine powders are in dilute suspensions, or are 
heated, have a strong association with dust explosions; ex­
amples include dilute pneumatic conveying and spray dry­
ing, which involves heat and a dilute suspension. 

In the video sequence, the explosive potential of a few 
grams of brown coal is demonstrated in the vertical tube 
apparatus. Com flour, wheat flour, and ground sugar may 
also be used. This apparatus is used to classify the powder as 
explosible or non-explosible and to determine the minimum 
dust concentration for explosion, minimum energy for 
ignition , and in a modified form for minimum oxygen for 
combustion . Such information is required for the design 
of safe pl ant and equipment for handling and process ing 
combustible fine powders . 

Gas Cyclone Separators 

The reverse-flow gas cyclone is a commonly used device 
for separating fine solids from suspension in a gas. Inlet gas 
is brought tangentially into the cylindrical section and a 
strong vortex is thus created inside the cyclone body. Par­
ticles in the gas are subjected to centrifugal forces that move 
them radially outwards, against the inward flow of gas and 
towards the inside surface of the cyclone on which the solids 
separate. The direction of flow of the vortex reverses near 
the bottom of the cylindrical section and the gas leaves the 
cyclone via the outlet in the top (the solids outlet is sealed to 
gas flow). The solids at the wall of the cyclone are pushed 
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downwards by the outer vortex and out of the solids exit. 
The video sequence shows a Plexiglas cyclone separating 
cracking catalyst from suspension in air. The sequence shows 
the flow of the suspension into the cyclone and its transport 
in the vortex to the solids exit. 

Batch (Hindered) Settling of a Suspension 

The simple batch-settling test can supply all the informa­
tion for the design of a thickener for separation of particles 
from a liquid. In this test, a suspension of particles of known 
concentration is prepared in a measuring cylinder. The cyl­
inder is shaken to thoroughly mix the suspension and then is 
placed upright to allow the suspension to settle. The posi­
tions of the interfaces that form are monitored in time. The 
video sequence shows the type of settling in which three 
zones of constant concentration are formed-a top zone of 
clear liquid, a middle zone of concentration equal to the 
initial suspension concentration, and the lower zone of final 
sediment concentration. 

Stress Developed in a Powder 

The variation in stress with depth of powder, in the case 
where no force acts on the free surface of the powder, is 
shown in the video sequence. A force is applied to the lower 
surface of the bed of particles via a piston and a spring. The 
degree of compression of the spring gives an indication of 
the force required to move the bed of particles. Stress is 
developed within the bed of particles. The magnitude of the 
wall friction opposing motion of the bed is proportional to 
the stress developed within the bed and increases with bed 
depth . The video sequence shows that, beyond a certain 
depth, the wall friction is so great that the bed of particles 
cannot be moved. Most of the applied force is transmitted to 
the tube walls. In the case of powders stored in a bin, the 
walls of the bin support most of the weight of the powder. 

USE OF THE CD-ROM 

The CD-ROM is intended for use by students on their own 
time, although it can equally well be used by the educator in 
a classroom equipped with a video projector linked to a 
computer with a CD drive. It is intended to be complemen­
tary to the textbook Introduction to Particle Technology. 171 

The primary objective of this textbook is to introduce the 
subject of particle technology to students studying chemical 
engineering. The approach taken is to take a number of key 
topics in particle technology, giving the fundamental science 
involved, and linking this, wherever possible, to industrial 
practice. The coverage of each topic is intended to be exem­
plary rather than exhaustive. 

The topics give coverage of broad areas within particle 
technology: characterization (size analysis), processing (flu­
idized beds, granulation), particle formation (granulation, 
size reduction), fluid-particle separation (filtration, settling, 
gas cyclones), safety (dust explosions), transport (pneumatic 
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transport and standpipes). The topics included demonstrate 
how the behavior of powders is often quite different from the 
behaviorofliquids and gases . The book includes 37 worked 
examples and 76 homework exercises with answers. A 
solution manual giving fully worked solutions to all the 
homework exercises is now available from the Depart­
ment of Chemical Engineering at Monash University (http:/ 
/www .eng.monash.edu.au/chemeng/). 

COMPUTER REQUIREMENTS 

Hardware: 486 CPU; 66 MHz; 4 MB RAM; VGA moni­
tor 

Operating Systems: CD is self-launching on Microsoft 
Windows 95 or NT. 

ACQUIRING THE CD 

The purpose of putting the demonstrations on CD-ROM 
was to be able to make them readily accessible and available 
to educators and students. The CD-ROM is available from 
the Department of Chemical Engineering at Monash Univer­
sity . Multiple copies are available for distribution to stu­
dents. Those interested should contact the author at 

e-mail : martin.rhodes@eng.monash.edu.au 
fax : Int+61-3-9905-5686 
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