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ABSTRACT

With the technological development in biologically orientated

industries more and more natural products in powdered form are being
handled and processed.

Three differently comminuted liquorice rhizome products were
classified into 23 narrow size fractions to investigate the particle
and bulk characteristics of the material, and to study the influence

of particle shape on powder flowability.

The morphology of the fibrous particulate was investigated by
using a Quantimet 720 Image Analyser. The perimeter (P), projected
area (A), breadth (B), length (L), horizontal and vertical projected
lengths (PV and PH) and the horizontal and vertical Feret diameters

(FV. FH) were measured from which four dimensionless shape factors

were evaluated, [lelmA, PHva/A, L/B, Fy/F The surface texture of

e
the particles was measured by fractal analysis.

The influence of particle shape and size on the mean flow rate,
coefficient of flow variation and flow uniformity were measured using

a speclally designed inclined tube flowmeter.

The fallure properties of powdered liquorice when sheared under

known normal compressive stresses were measured and from a series of
yileld loci the unconfined yield strength, major consolidation stress
and effective angle of internal friction were obtained. The effects
of particle shape and size on the angle of internal friction, wall

friction, bulk and packed densities were investigated and the

experimental correlations expressed in terms of mathematical

equations. These relationships, together with the failure function

plots, indicate that comminuted liquorice powder behaves as a "simple”

powder.
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l. INTRODUCTION

lel General Introduction
In many chemical and pharmaceutical industrial processes the

handling of powders to fabricate a product is one of many operational
stages and is therefore an important unit of operation.

In developing countries, which have a rich supply of flora
containing potential therapeutical effects and biologically active
substances, there is a strong desire to promote, develop and produce
pharmaceuticals from medicinal plants. A large section of the
population in developing countries still depend on such traditional
pharmacognistical systems of medicine (191), because of the relatively
low cost of herbal medicine.

It is therefore essential that the handling, storage, processing,
physical and chemical characterisations of natural products and
powdered medicinal plants be investigated. The handling of bulk
powdered materials requires storage in hoppers, silos, bins or bunkers

for certain periods of time and ultimately powders are discharged at

known rates of flow. For economical reasons this is usually achieved

by gravity.

In all cases of conveying, whether for packaging, dispensing,

tableting, filling or any transportation, knowledge of the flow

properties and characterisation of materials is essential to predict
the particle behaviour and understand the mixing, segregation, product
uniformity or weight variation. Free flowing materials have the
tendency to segregate (80, 205), while materials which are cohesive
produce a non-uniform flow pattern, and mixing occurs with difficulty

(146).

By studying the flow behaviour of powdered material information

may be obtained which could lead to natural materials being directly



compacted. This is at times, preferred to wet granulation and

subsequent compaction of granules, because of the simplicity of the

direct process, the need to protect the active ingredient within the

natural products, and to achieve optimal bioavailability at much lower

costse.

Relevant information on the flowability of powders in terms of

particle size, particle shape and powder cohesiveness together with
measurement of the uniformity of flow rate 1s advantageous to ensure
quality assurance. For instance, in the case of a shape
characteristic where a powder consists of relatively elongated
particles there is a great possibility of non-uniform flow. This

occurs as a consequence of the interlocking of particles into a rigid

three dimensional structure.
In an attempt to investigate some of the problems associated with

size, shape and flow, this thesis extends the research of other

workers into the area of natural fibrous plant material. The effect
of shear, shape and size on the bulk properties of particulates as;

direct flow rate, flow uniformity and failure properties of natural

plant- Elaterial, which has had little scientific attention, 1is

Investigated.

The material selected was milled LIQUORICE ROOT with a size range

from 38 to 315 micrometre which,depending upon the size chosen,is

elther a cohesive or a free flowing material.

From the present work a new powder flowmeter has been designed to
measure the flow rate and the flow uniformity of fibrous or similar
types of material. With the information from the thesis, it should

be possible to design a uniform and high quality product.



1.2 Flow Rate.of Solids
1.2.1 Flow properties
Industry requires powder flow to be consistent and regular in

order to obtain high quality products. The quantity of powder
handled can be of a kilogram size for processes such as tableting or

the flow of catalysts from a hopper to a reactor, while for materials

such as iron ore, calcium carbonate, coal or cement the quantity flow
from storage bins could be thousands of tons. In all cases of
handling and processing however it 1s essential that the rate of flow

should have a minimum probability of interruption and have good

uniformity of flow.

The flow of a powder can be defined as : "a state of continuous
deformation or relative displacement of its mass points with time
which involves movement of the centre of gravity and in which the
continuity of the displaced body is understood to be preserved".

The fundamental difficulty of discussing powders in rheological

terms 1s due to the fact that a powder mass consists of discrete

particles and there is an absence of the continuity found in liquids.
The factors which influence powder behaviour are size, shape and size
and shape distributions which are capable of great variation. Jenike

(96) compared solids and liquids and classified the differences as:

I) Solids can transfer a shearing stress under static
conditions. They have a static angle of friction which is
greater than zero, while liquids do not have a static angle of

friction. The static angle of friction is the reason why solids

form heaps while liquids form level surfaces.
IT) Many solids, when consolidated - that is after force has
been applied - possess cohesive strength and retain a shape under

load. Solids also can form a stable dome or a stable well on



discharge from a hopper while liquids do not possess this
property.

IITI) The shearing stresses which occur in a slowly deforming
(flowing) bulk solid are usually considered to be independent of

the rate of shear but dependent upon the mean pressure acting

within the solid. 1In a liquid, the situation 1s reversed,
shearing stresses are dependent on the rate of shear and
independent of the mean pressure.

It can be seen from the above differences that it is not easy,

with any degree of certainty, to predict the flow properties of

powders from their dynamic or static conditions.

Behaviour of a mass formed by a large number of particles depends
strongly on different forces. These forces are affected by the
characteristics of both individual and bulk particle properties.

The important individual particle properties are:

particle size
particle shape
particle density
surface texture
chemical constitution

atomic structure

surface chemical composition
surface atomic structure

particle elastic-plastic behaviour

It is not however possible to obtain realistic values for these

properties except as average values.

In order to characterise the properties of an assembly of

particles or a bulk mass of particles, a distribution of the collected

particle properties is required. Although distribution of particle



size and most recently particle shape can be obtained, the

distribution of other properties is at times difficult to achieve and

analyse.

The properties and phenomena associated with an assembly of

particles are:

particle size distribution and specific surface area

particle shape distribution

packing property (bulk density, porosity)

rate of packing

compressibility of packing

internal friction

wall friction

cohesion and adhesion on to various surfaces

flowability and failure properties

segregation

angle of repose

It 1is a combination of the above properties that determine the
behaviour of bulk solid materials.

Some powdered materials flow easily under gravity and the flow
properties of this type of cohesion-free particles 1s well-documented
(20, 22, 23, 41, 135,145). The flow behaviour of powders which are

termed sticky or cohesive has been less well researched.

“cohesiveness" for powders can be defined as the tendency of

individual - particles to agglomerate or stick together. This

cohesiveness can be attributed to one or more of the following

factors:
I) Surface forces:

Van der Waals, electrostatic, fonic, valency forces exist

between the particles (73). There are also capillary or pendular



forces which arise from the presence of adsorbed films of vapours

or liquids on the surfaces of the particles (162). These forces

can also cause the particles to adhere to a non-powder surface

such as container walls.

These forces arise because the structure of the solid
surface is different in many ways from that of the body of the

particle or crystal. Broken chemical bonds on the surfaces of
crystals create strained lattice layers and a force field around

the particles. As a consequence, physically and often chemically

adsorbed substances are deposited as layers almost
Instantaneously on any newly created surface. These layers may
extend to only a thickness of a few molecules (approximately
0.0lth micrometre), but their influence is immense (69). Without
adsorbed surface layers the solid surface energy would be greater
and the cohesion and frictional affects would increase to cause
strong particle agglomeration and attraction. In addition to
solid surface energies the chemical composition and atomic

structure of a solid particle effects the rheological or flow

behaviour of powders as well as the deformation, strength and

electrical properties of individual particles (113).

II) Inter particulate friction may be appreciable especially if
the particles surfaces are rough and pitted.

III) Particles may mechanically interlock causing 'bridging' or
‘arching', especially if the particles are irregularly sﬁaped.
Therefore the failure to flow is a consequence of all forces of
atfraction such as long~-range Van der Waal's and electrostatic

forces or short range valency, ionic, electrical or frictional

forces.



Cohesion in materials usually occurs when the median particle

size 1s in the range 50 - 100 um but can also be present with a lower

particle size range of 20 - 50 um for inorganic slightly irregularly

shaped particles and with material in the size range 100 - 200 um for
highly irregularly shaped organic material (111). There is a high

tendency for very fine particles (< 5 ym) to form agglomerates when

shaken, and to block orifices (130, 139).

Damp powders are also more cohesive than dry powders. In 1958

the significance of moisture on the agglomeration of powder was shown

by Newlitt and Conway-Jones (131). According to these workers liquid

could be distributed in three different ways:

I) At low moisture contents liquid is present as a torus shaped
bridge between particles, this is called the pendular state.

II) At a higher moisture content the rings join and make a

continuous network of liquid, interspersed with air which is

called the funicular state.

III) Increase in the moisture content results in the formation of

a capillary state in which all pore spaces are filled with

liquid-

The funicular and capillary states occur only when the amount of
moisture is greater than 5% W/W while the pendular state can occur by
the adsorption of moisture onto dry particles from the atmosphere.
The effect of pendular state, on the forces of attraction betweeen
particles have been examined by several workers. Newitt and Conway-
Jones (131) showed that the cohesive stress arising from the presence

of moisture between dry spheres by using the Fisher method (50), who

concluded that the cohesive stress arises steadily as the moisture
content 1s reduced to reach the pendular state. Derjaguin (42),

Princen (143) and Pickness (137) all predicted an increase in tensile



strength between particles as the amount of moisture adsorbed on solid
surfaces increased. Derjaguin (43) concluded that, below the moisture
level at which pendular bounds form, adhesion between particles
sharply decreases.

These physical and chemical forces between powder particulates

can explain the flow behaviour of different size fractions of a

powder.
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Figure 1.1 The flow rate of a powder or granular mass through an

orifice in respect to particle size

A characteristic curve for virtually all materials is similar to
that in Figure 1.1. The position and height of the maximum, and the
position where blocking occurs, however vary from material to
material. , Also Figure l.1 shows the approximate particle size
ranges given by Harwood and Pilpel (74) in which the different flow

testing techniques can be applied.



1.2.2

I

II

Terminology and factors defining flow and failure in the
present work

Flow patterns

There are two common types of flow pattern:

a = Core Flow

Core flow occurs when a channel is formed within the solid

toward the outlet, therefore walls of the container has no

influence on either the shape of the channel or the velocity
profile of the solid within the channel.

b -~ Mass Flow

Mass flow occurs when all particles are in motion with fully

mobilised friction at the wall with a constant coefficient of

wall friction. Many industries require mass flow discharge

because of the following advantages:

Relatively uniform flow rate, first in - first out discharge

sequence, complete emptying of contents and the minimum

segregation.

Powder packings (Bulk density, packed density, porosity)

A packed powder can be defined as a system of particles in

which each individual particle is supported by being in direct

contact with another particle or with the wall of a container.

In general, when a powder rests as a heap, gravity is the
only force acting on it. A powder bed in a container however may
be in a state of opened or closed packing with an external
compression force acting upon it. To find the most favourable or
closest packing the powder may be vibrated or "tapped"” to
facilitate particle re-arrangement. Values of bulk density

depend upon the filling method and particle size (130) and shape.

Bulk density (pB) and bed porosity (eB) are commonly used to



describe the state of packing of a powder bed. Porosity can be

defined as the ratio of inter-particle void space to the total

volume of the packing per unit mass of material:

p
Bed porosityeB = ] - _p_@_ 1.1
P
where P, 1s particle density.

P

Brown (21) showed, excluding small voidages, that there was
no significant effect of voidage on flow rate. Other workers
(16, 76, 173) have indicated that the greater the bulk density

the easier materials will flow.

IIT Compres sibilitz

Compressibility can be defined as the change of volume
caused by application of a compressive force acting on the
surface of an assembly of particles, this thus includes
compressibility achieved by vibration or tapping. The vertical
force on a bed is not readily transmitted to deeper particle
layers but is transmitted throughout the bed in a zig-zag manner

between the particles and the force tends to decrease as it

approaches the surrounding wall.

1V Strength of materials

a - Elastic strain

A perfectly elastic body is one which when a load is applied
can be recovered by unloading the material.
The dimensional extension, usually length, is due to the

stretching of the atomic bonds and changes in the internal energy
of the loaded and unloaded specimen,

b - Plastic strain

When a load is applied to some material there is no recovery

of the strain on unloading, in this case the material has been

10



beyond the elastic limit. This occurs by slippage of atomic

planes over one another and is probably the most important

phenomenon in the understanding of the behaviour of solids when

subjected to stress.

¢ - Fracture
In englneering terminology depending on the amount of
plastic flow present, fracture can either be Ductile or Brittle.

Ductile fracture occurs when there is a slow breakage or a

separation of crystal planes under an external load.
Brittle fracture occurs when there is a separation which

spreads rapidly throughout the material, gaining energy for

further breakage from the elastic energy of the surrounding

material.

d - Stress

The engineering definition of stress is the applied force
divided by the original cross section area before application of
the force. When a force is normal to a plane over which it is

acting then a normal stress 1s produced. If the force 1is
parallel to the plane a shear stress 1Is generateds A force

acting at an arbitary angle can be resolved into normal and shear

components of stress.

\' Flow-factor (ff)

Jenike and co-workers (71) have calculated the stress
distribution of slowly moving powders, where acceleration can be
neglected, in various shaped hoppers. They concluded that a
solid will flow if a dome of powdered particles does not develop
across the outlet of the hopper. For this obstruction to occur

the solid has to be consolidated to a degree to develop a dome of

sufficient strength to support the weight of material above the

11



dome. The flow factor can be expressed as:

. . o]
£f = consolidating stress _ 1
stress acting on an obstruction fc

The smaller the value of ff, the less likelihood of dome

formation.
VI Failure Function(FF)

The failure function as well as many other flow and failure
parameters can be obtained from a yield locus (Section 1l.3.1).
Jenike (96) who originally defined the term "flow function”
stated that this function is dependent upon the unconfined yield
streng‘th of materials, fc, (stress acting on the free surface of
failure), and major principal stress, 0j, both of which can be

found from a Mohr”s circle drawn tangential to the yield locus,
one passing through the origin of graph t versus g (Figure 1.9)

and another circle tangent to the end point. The intercept with

the O axis indicates both values for fc and 0y» From a family

of locli a number of o, and fc values can be obtained and then a
graph of o, versus f, can be plotted which represents the

"failure function™ of material under certain conditionms and it is
a measure of the flowability of a material.

VII Unconfined yield strength (f c)

Unconfined yield strength of material 1is defined as the

stress which is acting tangential to a stress free surface of

failure.

12



1.2.3 Theory of flowability of solid particulates

Many theoretical and experimental works have been conducted to

study the flow of material through an opening. Brown and Hawksley in
1947 (20) studied the velocity patterns of granules being discharged

from a container, and characterised the regions within a bed where the

particles had different velocities. Novosad in 1968 (135) studied

the steady-state flow of sand in a flat-bottomed cylindrical vessel,
and subdivided flow material into four regions. Van Denburg and Bauer
(193) studied the flow pattern developed when a powder has a wide
range of particle sizes. According to these workers some segregation

takes place, since the largest particles, those with the highest

energy, roll down the side of the vessel during filling, and
consequently they come to rest and occupy a lower stationary
proportion of the hopper. Thus, 1if the filling of the contalner 1is
not done correctly, at the end of the discharge the coarse particles
are the last to be discharged. This phenomenon is also explained by
Jenike (96):

"particles dropping through an orifice are dependent upon their

size, size distribution and shape and will segregate and form

different angles of inclination”.

Many other workers including Franklin and Johanson (53), Deming

and Mehring (41), Rausch (145), Bingham and Wikoff (14), Ketchum

(108), Brown and Richards (21) have studied the relationship between
the flow rate and orifice diameter and obtained different equations.

The work of McDougall and Evans (123) which took into account the

pressure inside a vessel, gave the following equation and values for

the constants.

13



where K = constant equivalent to 0.59

W w Mass flow through a circular orifice into open air
(1b/sec)

D = orifice diameter (inch)

n = a constant with values between 2.5 - 3 which 1in

case of McDougall is 2.5.

Many other factors, such as wall friction (16), direction of
forces inside the vessel (23, 37) and the effective angle of internal
friction of the material (164, 206) need to be measured. Rose (157)
in a comprehensive study of the relationship between many different

parameters affecting the flowability of materials concluded that the

following factors made a contribution to flow.

1) the diameter of the particle (d)

I1) the diameter of the orifice (Qo)

III) the density of the material involved (pB)

IV) coefficient of friction (u)

V) cohesive forces operative between the particles (C)
VI) ‘the shape factor (Z)

VII) acceleration due to gravity (g)

VIII) the height of the material above the orifice (H)
IX) the inlet diameter of the container (4)

X) the cone angle of the base (§)

These relationships can be written symbolically as:

Flow rate (W) = ¢[D_, d, &4, H, C, py, 8, 0, Z, ]

where ¢ denotes a function of each of the variables, and the

relationships found by Rose between these factors were :

a - él/D0 parameter

When A /D0 > 2.6, then the rate of discharge in

cylinders fitted with conical bases is independent of the value

14



of &/D_ Other workers (108, 23) have proposed a value of A /Do>

2¢5.

b - H/Do parameter
When H/D > 2.5, then the flow rate is independent of
O

the head (H). Other workers (21, 157, 75) have however reported
that the flow is independent of head of material unless the
vessel be nearly empty or when the head is approximately twice
the diameter for cylindrical hopper, and three times the diameter
for a conical hopper. However, all studies are approximately in
accord with the results of Newton (132) who stated that the flow

0.04

rate 1s proportional to H . It 1is agreed for cohesive

material, even though the effect is small but is greater than
free flowing materials which 1is nearly none.
c - Do/d parameter

Rose indicated that the influence of the ratio of the
orifice diameter over particle diameter (Do/d) on flow 1is not
simple and can be complicated by a number of extraneous variables
such as cohesion and particle friction. The rate of flow
decreases when the diameter of particulate system is less than
approximately 100 ﬁm (111, 62, 180)s This size 1is only an

approximation because flow 1s also material dependent. The

effects of cohesion and friction then become significant (130,
139, 21); therefore Rose considered the groups: D,/d, C/Dngg and

p together. He found the following relationship :
(w/ni-SB %‘5)=K (D/d - 3)" 1.3

where the term (%/d-B) has been included to represent zero

£low. Do/d € 3 indicates no flow through orifice. According to

Langmaid (116) the bridging of an outlet occurs when the diameter

15



of the outlet is about 2.5 x d. It 1s strongly recommended
instead finding the coefficient of friction (M) by using an angle of
repose,+as applied by Rose, that the Jenike shear cell or similar method
for angle of internal friction be used as this is more successful (7).
d - The shape factor (Z)

The effect of particle shape has not been as widely
investigated as other factors. Rose used the ratio (£f/K) where f
and K have been defined by Heywood (82) (Section 1l.4.1).

Rose and Tanaka (157) adopted this ratio as a shape factor
Z = f/K,when Z 1is equal to 6 the shape of the particles are
spherical. From the flow of steel balls, silica sand, powdered
glass and steel discs the following relationship (Figure 1.2)

between flow and shape was obtained, which could be

mathematically expressed as:
$ (Z) = 0.16/(Z - 5)0'5

and for practical purpose:

$ (2) = K/(Z2 - 5)0"'5 1.4

O Steel ball

0.2 [] Steel disc
»x Silica sand
N
- O Ground glass
-©-
0.1

> 10 15 20 25 30
Shape factor (Z)

Figure 1.2 Flow rate and shape interrelationship
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From Figure 1.2 it can be observed that the flow rate from an
orifice is extremely sensitive to any variation in the particle shape

especially when particles are nearly spherical. The sensitivity

decreases as the sphericity of the particles decreases.

l.2.4 Flow rates of dry powders in inclined tubes

There have been some attempts to measure the flow rate of
materials along an inclined tube. The initial difficulty in such
study is the need to maintain a steady flow rate from a container
which feeds the inclined tube. To ensure steady flow rates a known

uniform material iIn terms of size, size distribution, density and

morphology was used by Austin and co-worker in 1978 (8) to investigate

the axial flow of 250 to 400 ¥ m silicon carbide.

Campbell et al (27) also tried the axial flow along a non-
rotating 2.4 metre inclined channel by using glass beads.

It 1s common practice in industry when seeking information on the
flowability of powders to measure the flowrate through an orifice.
The different types of equipment used for these purposes ha;re been

reviewed for various industries (40) and by different workers (102,

63) to obtain some indications of material flowability.

17



l.3 Strength and Failure Properties

In order to study the flowability of cohesive material which does

not readily flow through any aperture, there is a need to relate the
flow properties of such materials to the internal particle deformation

in terms of stress-strain behaviour of the materials as well as to the

friction between particle-particle and particle-wall.

Discussions on powder behaviour in terms of stress-—strain
deformation and failure have been fully documented elsewhere (6, 7,

22, 92, 94, 95, 97, 170, 181, 207). Reiner (1l47) defined deformation

as:
“a movement of points or particles of a material body relatively
to one another such that the continuity of the body is not destroyed™.
This definition however implies that the powder bed 1s a
continuum body. The alternative approach is to calculate the physical

and mechanical properties of a particle assembly from knowledge of the

properties of the individual particles. Allowance has to be made for
the orlentation and packing arrangement of particles and also for the
various forces which opera