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Abstract

This thesis describes the results of an experimental study and modelling of the response
of a vibrofluidization technique for particle sizing. The principle of operation of the
device is simple and relies on the fact that when a container, partially filled with a powder
is vibrated in the ivertical direction with a maximum acceleration greater than that due to
gravity, the particles inside the container become effectively "fluidised”. The degree of
damping experienced by the vibrating system is a direct function of the average particle
size; larger particles give rise to a higher degree of damping. In the case where the
container is attached at the free end of a cantilever, the average particle size is directly
related to the resonant amplitude of vibration of the cantilever. This forms the basis for
the application of this type of device for particle sizing.

A convenient and deceptively logical explanation would be to attribute the observed
damping of oscillation to particle/wall friction. Indeed, the response of the system was
modelled accordingly by Mahgerefteh and Al-Khoory (1991) using visco-elastic vibration
phenomena.

The results of this work show, using direct experimental evidence that the primary
mechanism responsible for the observed damping is a consequence of the phase lag
between the vibrating cavity and the test powder. The previously proposed particle/wall
interaction mechanism although applicable, is simply a direct manifestation of the phase
lag phenomenon. In addition preliminary results obtained proving the applicability of the
device for particle size distribution analysis are also presented.

The phase lag between the vibrating cavity and the powder is monitored using a sonic
technique. This is achieved by measuring the intensity of the noise generated as a result
of the impact of the powder with the containing cavity during oscillations. The results
show a direct correlation between phase lag and the average particle size. A semi-
empirical model is also developed which satisfactorily predicts the system's response in
terms of a large number of design and operating parameters. This model is expected to
serve as a powerful tool for design optimization.

Particle size distribution data are obtained by vibration segregation of the test powder to
various size fractions and measuring the average size and mass of each sub-sample using
the vibrofluidization technique. The thesis also describes the optimal segregation
conditions leading to the generation of particle distribution histograms for typical 2 g
samples in ca 3 minutes. The corresponding resolution in terms of the average size for
each size fraction is better than + 5 um for a test sample in the 20 - 1000 pm size range.
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Chapter 1 Introduction

CHAPTER 1

Introduction

Approximately one third of chemicals produced in the world are in form
of powder (Shamlou 1988) and nearly all aspects of the technology
relating to their handling , processing or application require at some stage
a knowledge of the particle size. Particle size measurement is to powder
technology as thermometry is to the study of heat (Allen 1990). In recent
years, many devices of high sensitivity with different degrees of
sophistication have therefore been developed. Unfortunately, the majority
are either expensive, capable of handling small samples only or require

special sample preparation prior to size analysis.

Approximately four years ago, in response to a need for a robust and
cheap transducer, Mahgerefteh and Al-Khoory (1991) reported the
preliminary design and development of a novel technique for particle size

analysis.

The principle of operation of the device is simple and relies on the fact
that when a container partially filled with a powder is driven into
resonance in the vertical direction with a maximum acceleration
greater than that due to gravity, the particles inside the container become
effectively fluidised. The degree of damping experienced by the vibrating
system is a direct function of the average particle size; larger particles
give rise to a higher degree of damping. The average particle size of the
vibrofluidized powder may therefore be easily obtained from a
measurement of the resonance amplitude of vibration. The above forms

the basis for the use of the device as a particle sizer.

13



Chapter 1 Introduction

The relative insensitivity of the instrument at large size ranges(> 400 pum)
together with its inability to produce data on particle size distribution

were recognised as two of the major drawback of the device.

To explain the basic mechanism governing the response of the system,
Mahgerefteh and Al-Khoory (1991) attributed the observed damping of
oscillations to particle/wall friction and hence modelled the response of

the system accordingly.

This thesis describes the results of a series of experimental studies which
elucidate the basic mechanism governing the system's response and its
engineering design optimization. It also describes the results of some
preliminary experiments relating to the use of the device for particle size

distribution analysis.

The work is divided into nine chapters; each where appropriate, begins

with a literature survey followed by a discussion of the main findings.

Chapter 2 is a brief discussion of particulate characteristics and

fundamental definitions of particle size as reported in the open literature.

Chapter 3 is a review of the technical features together with the relative
merits and disadvantages of the existing methods for particle size analysis.
This is then followed by a brief review of work reported on particulate

bed behaviour during vibrofluidization.

Chapter 4 first describes the basic design features of the proposed device
for particle size analysis. It then deals with a systematic study and
optimization of the system's response in terms of producing particle size
data. The above involves conducting a large number of experiments in

14



Chapter 1 Introduction

which the effects of sample cell dimensions, surface roughness, elasticity,
and shape as well as oscillation frequency, the vibrofluidized bed

diameter/height ratio and the vibration force are investigated.

Chapter 5 describes the development of a semi-empirical model for
predicting the system's response. As compared to a previous model
proposed by Mahgerefteh et al. (1991), the present model incorporates a
wider range of design and operating parameters. The validity of the

model is tested by comparison with appropriate experimental data.

In chapter 6, it is shown, using direct experimental evidence that the
primary mechanism responsible for the observed damping of oscillations
of the system is a consequence of the phase lag between the vibrating cell
and the test powder. The previously proposed particle/wall interaction
model by Mahgerefteh et al. (1991) although applicable, is simply a direct

manifestation of the observed phase lag phenomenon.

Chapter 7 deals with the utilisation of the vibrating reed system in order
to produce data on particle size distribution. This involves size
segregation of the test sample followed by determination of the average

size and mass of each fraction using the vibrating reed technique.

Mahgerefteh and Al-Khoory (1991) also used free rather than forced
vibration as an alternative method for particle size analysis using the same
vibrating reed technique. In this case the decay profile was claimed to be
a characteristic of the average particle size. Chapter 8 investigates the

viability of this technique for producing data on average particle size.
Chapter 9 is a general conclusion of the main finding of the thesis.

15



Chapter 2 Particulate characteristics and fundamental definitions

CHAPTER 2
Particulate characteristics and fundamental definitions

This chapter briefly reviews the fundamental definitions of the parameters
used in this thesis to characterise powders in terms of size, density, shape and
classification. Various methods of presenting particle size distribution data

are also discussed.
2.1 Particle size

The best definition for a powder particle is a small size of solid material with

considerable surface area to volume ratio (Hausner 1980).

The behaviour of particles is widely dictated by the expanded surface area.
Particle size can be characterised by the "diameter" of the particle. For
spherical homogeneous particles, only diameter is sufficient to properly
define the size, and for a cube, the length along one edge is characteristic,
whereas for other regular particles such as cuboid and cone, more than one
dimension may be needed. For irregular particles however, it is impossible to
identify its size by one or two dimensions. In order to specify particle size
with only one dimension a size dependent property is always perferred and
the size is then expressed in terms of equivalent spherical diameter. Size
dependent properties like optical density, hydrodynamic behaviour and
geometrical similarities are to name but a few. The estimated size by various
properties can differ substantially (Allen 1990). Table 2.1 shows different
definitions of particle size. In the present study, the particle size is expressed
on the basis of the sieve diameter. The corresponding definition is given in
Table 2.1 .

16



Chapter 2

Particulate charactenistics and fundamental defimitions

Symbol

Name

Definition

Volume diameter
Surrace diameter

Surface volume
diameter

Drag diameter

Free-falling
diameter

Stokes’ diameter

Projected area
diameter

Projected area
diameter

Perimeter
diameter

Sieve diameter

Feret's diameter

Martdn’'s diameter

Unrolled
diameter

Diameter of a sphere having the _m 23
same volume as the particle 6°Y

Diameter of a sphere having the 2

; S = ndg

same surface as the particle

Diameter of a sphere having the 43
same external surface 10 L
volume ratio as a sphere

Diameter of a sphere having the
same resistance to motion as
the particle in a fluid of the
same viscosity and at the same
velocity (dg approximates to
d; when Re is small)

Diameter of a sphere having the
same density and the same free-
falling speed as the particlein a
fluid of the same density and
viscosity

The free-failing diameter of a par- dd
ticle in the laminar flow region d? = —
(Re <0.2) d

Diameter of a circle having the
same area as the projected area
of the particle resting in a
stable position

Diameter of a circle having the
same area as the projected area
of the particle in random
orientation

Diameter of a circle having the
same perimeter as the projected
outline of the particle

The width of the minimum square
aperture through which the
particle will pass

The mean value of the distance
between pairs of parallel tan-
gents to the projected outline
of the particle

The mean chord length of the
projected outline of the
particle

The mean chord length through 2
the centre of gravity of the
particle

»2
Fp=CpApr 73
where CpA = f(dg)

Fp=3nmdany
Re<0.2

T2
A=4—da

Mean value for all
possible orientat-
ions dp, = d; for
convex particles

Table 2.1

Definitions of particle size (Allen 1990).
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Chapter 2 Particulate characteristics and fundamental definitions

2.2 Particle shape

Particle shape which is mainly a size dependent parameter, influences many
properties relevant to powder handling such as flowability, bulk density and
packing behaviour (Allen 1990 , Svarovsky 1987) .

There are two ways in which particle shape may be defined (Allen 1990).
One is in terms of a number, mainly used for the purpose of comparison and
hence, actual particle size is not important. The other is based on data which
allows the regeneration of the original particle shape from the obtained data.
One way or another, different sizes of a particle can be related to each other
by reference to particle shape by using dimensionless parameters such as
shape factors. The relationship between volume or surface area of a particle

to its already estimated sizes are defined by shape coefficients.

2.3 Particle density

The ratio of the total mass of particle to the total volume is called particle
density, which in itself depends on how the particle volume is measured
(Svarovsky 1987). If the volume of the solid particle, free from open and
closed pores, is considered, then the true particle density may be assigned.
For porous particles with open pores on the other hand, apparent particle
density may be computed. The effective particle density on the other hand,

takes into account the volumes of both open and closed pores.

The bulk density, however, includes the voidages in between the particles. In

the present study, particle density is taken as the apparent density.

18



Chapter 2 Particulate characteristics and fundamental definitions

2.4 Powder classification

The particulate behaviour in a fluidised bed is mainly dependent on particle
size and effective density. According to Geldart fluidization chart, any
powder can be classified into one of four groups A,B,C,or D as shown in
figures 2.1 and 2.2 (Svarovsky 1987 , Geldart 1986). Powders in group C,
due to high ratio of inter-particle forces to hydrodynamic force, are very
cohesive and hardly fluidised. Powders in group A, are most easily fluidised
since the ratio of interparticle to hydrodynamic forces is less than unity.
There are no interparticle forces in groups B and D and the bed expansion in
group B is small. A transition group between groups A and C has recently

been recognized as semi-cohesive.

2.5 Segregation and perculation

During powder handling i.e. mixing or fluidising operations, segregation
phenomena to some extent demix the process by means of various
mechanisms (Beddow 1980). The filtration of fine particles down through the
moving larger ones is called percolation. The top layers of particles behave as
a screen through which all but coarser particles are able reach to a stable

position below.

2.6 Methods of presenting particle size distribution data

Particle size distribution data may be expressed in terms of Gaussian
distribution in which the average particle size is measured. Allen and Khan

(1970) have defined the following parameters to describe the average particle

size.

19
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Chapter 2 Particulate characteristics and fundamental definitions
2.6.1 Average particle size : mean, median and mode
Arithmetic mean size (d;) refers to the particle size of the adjacent sieves

between which the powder is retained after sieving process

4 = d~dy
i 2

(2.1

where; dj and d;, are aperture sizes for lower and upper sieves respectively.

The powder mean size d p , is then defined :

i 2.2)

and mass fraction, x; corresponding to the arithmetic mean size, d; having the

mass, m; is given by;

m.

1
X, = o—
i Zmi

(2.3)

where; Xm; is the total mass sieved (x is often expressed in 'percentage’).

Mass median size (MS) is the value of particle size in a probability size

distribution graph at which x is 50% .

Mode is the value of particle size in the same graph, at which x is a

maximum.

The above average values are not necessarily the same.

21



Chapter 2 Particulate characteristics and fundamental definitions

2.6.2 Presentation and analysis of data from sieve tests

Mullin (1993) discusses the two common presentations of particle size
distribution; "frequency polygon" and "frequency histogram". Figures 2.3a
and 2.3b show examples of representing the variation of fractional weight per
cent retained between any two sieves with sieve aperture width for the same
analytical data plotted on arithmetic graph paper in two different forms;
frequency polygon and frequency histogram respectively. Figures 2.4a and
2.4b show alternative representations of the same data on semi-log graph
papers in the two forms of frequency polygon and frequency histogram

respectively These data are then converted to " cumulative undersize (or
oversize) " and normally presented as weight percentage (wt%) versus sieve

aperture size.

The cumulative wt% undersize fraction (®) is the total fraction smaller than
size d; -

d.
1

0= ¥x or = [x.d(d)
0

X (2.4)

The cumulative wt% oversize fraction (®) is the total fraction larger than size

0= 0= x.d(d.
Yx or a[ix (d)) 2.5)

Figures 2.5a - 2.5¢ show consequentely three different ways by which the
cumulative data can be shown : the arithmetic, the semi-log and the log-log
plots on graph papers. To avoid bunching at the lower end (due to v2

expansion) the latter two forms of presentation are preferred.

22
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