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Preface

Particulate products make up around 80 % of all chemical products, from all

industry sectors. The solid particles may be amorphous or have different crystalline

forms, all of which have different properties. They originate from mining or other

natural occurrences or are manufactured in crystallization, precipitation, agglom-

eration, or atomization processes. Prior to application they may undergo filtration,

flotation, or classification and/or be subjected to compaction, extrusion, or commi-

nution in order to bring them in the desired particle size range. Most often, they

undergo transport and storage in some kind of equipment. “Particles” may not only

be solid but also consist of entities like small droplets (by emulsification or

atomization) or gas bubbles in another phase. The physical and mechanical behav-

ior of single particles generally are reasonably well understood.

Base materials and products not only occur in the form of dry powders but also

as dispersions, such as suspensions, emulsions, air bubbles in liquids, foams, or

aerosols. In addition to the properties of the particles themselves, the properties of

these products strongly depend upon the type of system, particulate concentration,

and type and viscosity of the continuous phase, as well as upon particle size

distribution and particle shape. Base materials and products have a complex nature

as a result of the many possible mutual interactions between particles and of

particles with chemical components in the system. Although much progress in

understanding has been made over the past decades, the physical and mechanical

properties of these complex systems are still much less understood than those of

gases and liquids. Therefore, adequate product characterization is a challenging

task. Sometimes, the products are characterized by techniques that have some more

or less direct relationship with the property of interest. Often, however, various

parameters derived from measured particle size distributions are linked to the

properties of interest through empirical correlations. Selecting the optimum param-

eter(s) and measurement method(s) for characterization is one of the challenges.

Finding the best correlation with behavior is the other challenge.

Although several books and many articles have been written that are specialized

to one of the above unit operations or to a specific material or product, hardly any
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comprehensive book describes the ins and outs of all unit operations in comparison.

That is the aim of this book. Specialized authors have written the various chapters.

We are very grateful to all of them for their contribution and hope that our book will

pay a useful contribution to further optimization of the process equipment applied

for particulate materials and products.

Pijnacker, The Netherlands Henk G. Merkus

Delft, The Netherlands Gabriel M.H. Meesters
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Chapter 1

Introduction

Henk G. Merkus

Abstract A great variety of industrial products is based on particulate materials.

Behavior and performance of such products depend upon particle size and shape in

the base materials, in addition to chemical and structural characteristics. An overview

of the major production and handling processes of particulate materials as well as the

basic characteristics for their design, monitoring and control is presented in this book.

It is meant to facilitate easy comparison and good choices of production and handling

processes and of equipment. Topics for particulate production comprise size enlarge-

ment – crystallization, precipitation, granulation and extrusion – as well as size

reduction, viz. comminution, atomization and emulsification. In the chapters on

handling, mixing and segregation, filtration and sedimentation, flotation, classifica-

tion, storage and transport are discussed. The quality of batches of base materials and

products is assessed through measurements in samples. Adequate care of the sam-

pling process to obtain representative samples is required, especially in cases where

the batches show segregation, i.e. when the composition is different at different

locations in the batch. Then, deviations in non-representative samples may be

substantial. The quality of products is often described in terms of PSD parameters

in addition to descriptors that are more closely related to behavior. Unfortunately, the

choice of PSD parameters is often made without good reasoning, causing the chosen

parameters to be sub-optimal. Therefore, suggestions are given for optimum choices.

The behavior of bulk powders and concentrated dispersions depends in addition to

particle characteristics upon the degree of particle packing and the inter-particle

forces, and for dispersions also upon the particulate concentration, the surface type

and the zeta-potential. Optimum rheological behavior of such concentrated systems,

powders as well as liquid dispersions, is of prime importance, during processing as

well as for product quality. Some examples are presented for the parameters that have

an empirical relationship to practical situations. The choice of PSD parameters that

are typically used for control of processes is easier than that for product quality, since

usually only adequate repeatability and instrument robustness are important for good
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control. This chapter gives an introduction to the general background and the

challenges of selecting adequate processes and to the relevant particulate parameters.

1.1 Objective of This Book

Particulate products make up around 80 % of all chemical products. They have in

common that they contain one or more particulate base materials, which may come

from a wide variety of sources. Sometimes the source is natural, sometimes the

materials are man-made through a chemical reaction (see Table 1.1).

Often the particles are solid, sometimes tiny droplets or air bubbles. Always,

some kind of production process is involved to give the materials the desired size

range and/or shape of the particles, composition and performance quality of the

ultimate product.

In addition to the production processes, mechanical processes take care of

mixing (to counteract segregation and/or reach a homogeneous composition),

transport and storage. Optimum particle size range and shape are essential for

best product quality, since these properties relate to product behavior and

performance [13].

Many textbooks and articles have been written on the techniques applied for the

production and handling of particulate materials. They provide a wealth of detailed

information but are nearly always restricted to a single technique, base material or

field of application. The objective of this book is to give an overview of all

techniques with sufficient background to provide insight and understanding.

Thus, it is meant to facilitate comparison of all techniques and equipment applied

for improved implementation in design and control of particulate processes.

Table 1.1 Examples of particulate materials

Dry powders Sugar, flour, starch, sand, cement, coal, pigments, polymer beads, peas,

diamonds, toner powder, etc.

Liquid mixtures Emulsions (L/L) þ suspensions (S/L): milk, butter, margarine, creams,

bacteria, blood, paint, etc.

Solid mixtures

(S/S)

Ores, sediments, pharmaceuticals, etc.

Aerosols (L/G þ
S/G)

Fog, mist, sprays, etc., which may consist of dust, salt, sand, coal, ore,

inhalers, etc.

Gas bubbles in

medium

Whipped cream (G/L), insulating foam (G/S), etc.
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1.2 Production and Handling Processes

A wide variety of particulate materials and products exists, as illustrated in

Table 1.1. Some originate from natural sources, others are man-made through

some chemical reaction. Most often some mechanical processing is involved.

Given the vast differences between these materials, it is clear that they require

different production techniques. The main production processes can be identified as

[16, 17, 19]:

• Size enlargement. Particles can be formed from solutions through crystalliza-

tion and precipitation. Most often, purification in addition to particle formation

is the objective.

Crystallization is executed in both batch and continuous processes. Its main

goal is production of crystalline particles of high purity, usually from solutions

in which other components are present as well. In batch processes crystals are

formed by cooling, by solvent evaporation of saturated solutions, through

addition of anti-solvents or by changing the pH; often, seeding with small

particles is applied in order to start the crystallization. Continuous processes

typically proceed by solvent evaporation. Here the ‘seeds’ are often the result of
attrition of the formed larger particles. The particle size of the product typically

approaches the millimeter range (see further Chap. 2).

Precipitation results from the reaction between two (soluble) ionic com-

pounds, the product of which is insoluble in the medium, usually water. The

resulting particle size of the precipitate is very small (nanometer range), since its

solubility product is very abruptly overstepped by the addition of the one

dissolved compound to the other. Precipitation processes usually also involve

agglomeration or aggregation of the primary particles, through which particle

size is significantly enlarged (see further Chap. 3). Typically, precipitation

occurs in batch processes.

Polymerization of aqueous monomer emulsions may be considered as a

variety of precipitation, since the monomers are very slightly soluble whereas

the solubility of oligomers and polymers is zero. The polymerization typically

starts in the continuous aqueous phase. At the point that the formed oligomers

become insoluble, they form emulsion droplets (primary particles as a dispersed

phase).

During these precipitation and polymerization processes spontaneous

agglomeration, aggregation or coalescence of primary particles often occurs

already at early stages of particle formation and growth. This is especially true

if the primary particles have little or no electric charge or are insufficiently

stabilized by surfactants.

Solid particles in the micrometer range can be enlarged to millimeter sizes by

agglomeration/aggregation, granulation and extrusion. These processes are very

helpful to reach the desired properties – e.g. flowability and particle shape – for

the end product.
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Agglomeration is the formation of clusters having point contacts between the

primary particles. It often occurs not only in dry powders when the particles are

smaller than about 10 μm or are humid (by formation of liquid bridges), but also

in liquids when the particles have little or no surface charge. Here, it is induced

by Brownian motion and stirring. The bonding strength can be substantially

increased by the formation of solid bridges coming from dissolved material.

Aggregation is the formation of clusters in which the particles have a stronger

bonding than in agglomerates due to the presence of side contacts. Aggregation

typically takes place in liquid dispersions. Here too, solid bridges can be formed

coming from dissolved material.

Note that agglomeration and aggregation may be counterproductive when

they occur unintentionally as they can give rise to undefined lumps.

Granulation and tabletting is applied to improve the flow characteristics of

products as well as to homogenize mixtures of ingredients. Granulation is

applied for a wide variety of products. It is typically executed in equipment

where the ingredient particles are continuously mixed and sprayed with binder

liquid, the combination of which leads to clustering and compaction of the

particles. The compacts may be used as such, but they can act also as precursors

for a tabletting stage, in which they are further compressed for better strength

and shape (see further Chap. 4).

Extrusion was first introduced in the processing of plastic granules. Soon

after, its application expanded to metals and rubber. Gradually, it has also

become very popular for food applications in e.g. cereals, pastas and snacks,

since subsequent steps in the preparation process can be executed in the same

extruder. In this technique use is made of the plastic deformability of products.

Sufficient plasticity is usually reached at somewhat elevated temperatures, for

some products in combination with the available water content in the feed (see

further Chap. 5).

• Size reduction. Often, the dry solid particles produced are too large for their

envisaged application in a product. One example is when they result from

mining of ores. Another reason may be that the drying process involved in

particle production has caused the presence of large lumps that consist of

agglomerates and/or aggregates. Then, particle size must be reduced by commi-
nution (crushing or milling), which involves dry or wet processes of breakage,

attrition and de-agglomeration. Comminution operations usually consume a lot

of energy. Besides differences in equipment, this causes that the total commi-

nution operation often is split into several stages for better economy (see further

Chaps. 6 and 11).

Crushing involves usually dry breakage of large pieces from up till about 1 m

into cm-sized particles. Crushers of various types are typically applied for

(fairly) hard materials, cutters for tough ones.

Milling is executed in both dry and wet state to result in millimeter-sized or

smaller particles. Dry milling usually is performed in roller mills, wet milling in

ball mills or bead mills. The advantage of wet processes is that the resulting
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small (micrometer-sized) particles can be stabilized to prevent re-agglomeration

and aggregation.

Dispersion of dry powders in a liquid is also often called milling. It is applied

to break up agglomerates and when stable particulate suspensions are required. It

involves application of energy and dispersants/surfactants to reach sufficient

de-agglomeration and suspension stability.

Atomization, spraying and nebulization are processes of producing droplets

from a liquid in an air stream. If solid particles are aimed at, then the liquid is a

melt or a solution, and the droplet formation is followed by cooling or drying.

The resulting size of droplets and particles may vary from millimeters to smaller

than micrometers (see further Chap. 7).

• Emulsification. Here, the particles are in liquid form. They are dispersed in

another, immiscible liquid, typically through application of high energy/shear in

various types of equipment and stabilized by means of surfactants/emulsifiers.

This is a special way of size reduction for liquids. Particle size is usually in the

nano- to micrometer range. Typical applications of emulsions are in food,

pharmaceuticals and lubricants. Adequate stabilization is required to guarantee

a long shelf life (see further Chap. 8).

In addition to production processes, some kind of mechanical processing is often

involved, in which particle size is not intentionally altered:

• Mixing. Mixing is an important process step for particulate materials. Its goal is

to reach a homogeneous product. For single particulate materials, the reason for

mixing is the existence of (undesired) differences in particle size distribution at

different positions within a product batch. This may be caused by process

fluctuations, but more often it is mainly the result of segregation (see below).

Always, the degree of segregation shall be checked in batches of particulate

materials.

Segregation is the opposite process from mixing. It usually occurs in dry, free-

flowing materials in relation to differences in particle size and/or density. It is

induced by vibration of the materials during transport or by aeration upon

storage in silos. The detrimental effect of such heterogeneity on product quality

can be severe, since product properties relate to particle size and its distribution.

Note that some degree of segregation especially in free-flowing materials has to

be accepted in practice since ideal mixtures do not exist in practice.

Mixing of a segregated material batch is required to reach a sufficiently

homogeneous size distribution within the batch. Moreover, it is essential for

particulate products when they are composed of different ingredients. For such

products, mixing is necessary to reach a homogeneous product composition, in

addition to particle size distribution. Especially for products, which are com-

posed of small quantities of a given component and a majority of other partic-

ulate material(s), such as active material and excipients for pharmaceutical pills,

adequate mixing before further processing is essential. Decreasing

the particle size to below about 20 μm or making the powder humid can be

used to counteract segregation during mixing. Both measures increase the
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particle-particle interactions and make powders cohesive, thus resulting in lower

or no sensitivity to segregation. Note that cohesive powders may greatly chal-

lenge steady transport and adequate silo charge and discharge. Thus, these

powders require adequate choices in the design and operating conditions of the

equipment (see further Chap. 9).

• Filtration/sedimentation. Filtration and sedimentation are typically applied to

separate solid particles from a liquid or air, in which they are produced or

dispersed. Sometimes, the goal is collection of the particles, sometimes it is

obtaining a clear liquid or clean air. This may be the case for protection of the

environment or for obtaining a clean room. Typically, the efficiency of collec-

tion is expressed in a mass percentage of collected particles in comparison to

originally present particles. The quality of clearing of a liquid is usually

expressed in a degree of remaining turbidity or percentage transmission, for

clean gas or clear liquids in the mass or number of particles smaller than a given

size per unit volume, e.g. PM10.
Filtration uses the porosity of mechanical filters or particulate filter beds for

particle collection or removal from suspensions. Typically, removal of particles

from suspensions concerns particle sizes larger than about 1 μm; in air, it is

usually below 1 μm. Mechanical filters in the form of sieves can only remove

particles if they have smaller aperture sizes than the size of the particles.

Therefore, industrial sieves are limited to collection and removal of larger

particle sizes. An advantage of sieves is that the particles can be easily separated

from the sieves. Filter cloth and particulate filter beds remove particles based on

the existing void sizes and the possibilities for adsorption. Because of the

presence of very small voids and the adsorption possibilities, also

submicrometre particles can be removed. Well known examples of application

of filter beds are beer filtration and application of sand beds for filtration of

drinking water. Filter cloth is e.g. applied for obtaining clean air. Recovery of

the particles from the cloth or the beds is usually incomplete (see further

Chap. 10).

Sedimentation is the result of positive density differences between particles

and suspension liquid, which cause settling of particles when they are larger than

about 1 μm (depending on density). Sedimentation of smaller particles or when

the density difference is small can be enhanced in centrifuges. The opposite

case – particle density smaller than that of the liquid – is named creaming.
A well known example is the creaming of milk. Sedimentation can be applied for

clearing of liquids as well as for particle collection. The latter typically requires

some kind of filtration following sedimentation, and drying of the resulting cake.

Various types of sedimentation are also applied in classification (see below and

also Chap. 10).

• Flotation is another way to separate solid particles from a liquid. It is usually

applied in cases where specific minerals are to be separated, or Brownian motion

prevents particles from adequate sedimentation, or the density difference

between particles and liquid is small. In this process, various types of chemicals

(pH adjusters, surfactants and ionic substances) are applied to make the surface
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of target (mineral) particles hydrophobic and to generate air bubbles to which the

hydrophobic particles are to be attached. This air causes the particles to float as a

froth at the liquid surface, which facilitates their removal from the liquid. This

process is e.g. widely applied in the production of valuable minerals from ores

and in waste water treatment (see further Chap. 11).

• Classification. Classification of produced particulate materials is applied if their

size range does not match the desired size range, by removing fines or coarse

particles, by separating particles having a different density, or to remove parti-

cles completely from a gas or liquid stream. Typically, (hydro)cyclones, sieves

or gravitational or centrifugal sedimentation units are applied, in particulate

mixtures with air or liquid. For dry mixtures, also magnetic and electrostatic

separators are used. (Hydro)cyclones typically operate at particle sizes in the

range of about 1–500 μm (depending on particle and fluid density). The grade

efficiency for separating particles having a size distribution into fractions of fine

and coarse product is often used to sketch the separation efficiency against

particle size. As an example, a typical grade efficiency or Tromp curve for a

gas cyclone is presented in Fig. 1.1 (see further Chaps. 10 and 12).

• Storage and powder discharge. Intermediate storage in bins, silos or heaps is

required when production and usage are not in a direct sequence but at different

times or locations. Silos have the advantage that they provide for a closed

environment so that effects by humidity or oxygen can be avoided. Note that

bulk storage always leads to some kind of consolidation of the lower parts of the

stored material, which increases its bulk density and may decrease its

flowability. Note also that segregation often occurs during the total of feeding,

storage and discharge. Moreover, poor silo and hopper design typically leads to

problems upon discharging the particulates. Then, this discharge from the silo

may proceed only for a small part while the product near the silo walls remains

stagnant. In order to avoid such problems, flow properties and bulk density of the
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Fig. 1.1 Grade efficiency curve for a gas cyclone, showing typical and ideal separation (Adapted

from [16])
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product to be stored should be determined and hoppers and silos, including inlet,

outlet and additional equipment, be designed in relation to potential stresses and

segregation. This is essential for optimum operation (see further Chap. 13).

• Transport/conveying. Often, production, storage and further usage do not occur

at the same location but at some distance. Then, transportation of the material is

necessary. Different types of equipment are applied, which all have their eco-

nomical and technical pros and cons. Pneumatic and hydraulic conveying in

pipelines is often favored for short and medium long distances (up till a few

kilometers). If the transport distance is short, belts are used also. For long

distances, product batches are transported in bags, trucks, wagons and ships.

Note that segregation and dusting often occur during transport and, thus, should

be taken care of. Note further that generation of electrostatics in powder flows

may be strong, which can cause dust explosions resulting in dramatic casualties

and losses of property. Prevention of dust explosions makes adequate care for

good grounding and nonconductive piping, etc. in pneumatic conveying essen-

tial (see further Chap. 14).

Note: One of the founding fathers of particle technology, Professor Hans Rumpf of

the University of Karlsruhe, named the above unit operations mechanical process

technology (mechanische Verfahrenstechnik), because they deal with the transfor-

mation of material systems by predominantly mechanical operations [18]. Still, they

are the subject of R&D and education in the corresponding departments of many

German technical universities. In many other countries, at least some of the unit

operations are studied and taught in other departments, such as chemical, civil and

equipment engineering. Major companies typically form project groups of experts

from different departments for the task to make optimum choices for all processing

equipment and the appropriate operating conditions for a given material or product.

Typically, the processing of particulate materials is considered as very complex

in view of the many parameters that can play a role, such as different phases (solid,

liquid and gas), particle size distributions, different particle shapes, often high

concentrations causing particle-particle interactions, etc. It is impressive to see

that, despite this complexity, significant progress has been made in the development

of modeling and simulation packages that approach reality, although they are still

mainly based on empirical equations (see Chaps. 2, 3, 6, 12, and 14).

1.3 Characterization of Particulate Bulk Products
and Processes

As shown in Table 1.1, particulate materials in a wide variety form the basic materials

for many industrial products, in almost all industrial areas. Typically, each product

requires a specific particle size range, particle shape as well as bulk properties for

its base material(s) in addition to specific other components in the end products.

The reason is that the performance quality of particulate materials and products

depends upon particle size, size distribution, shape and bulk properties, since these
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relate to the way that the particles interact with each other and the surrounding

medium. Quality aspects of bulk products involve for example [13, 19]:

– rheological properties of powders (important for steady flow and dosage)

– fluidization behavior (important if a fluid bed is applied in its application)

– dusting behavior (related to health hazards and explosion risks)

– particle packing density (related to e.g. bulk density, concrete strength, resis-

tance of filter beds to fluid flow and rheological behavior)

– rheological behavior of dispersions, especially at high particulate concentrations

(important during processing as well as with respect to e.g. taste or paint

application)

– optical properties (related to color, gloss, transparency and hiding power of paint

and sunscreen)

– surface properties (chemical and physical) and zeta-potential

– dissolution rate

– sensorial characteristics (e.g. taste of food, sweets and beverages).

Characterization of industrial materials is required in order to test whether they

comply to their required quality and specifications, or for monitoring and control of

the process, or with respect to environmental requirements in view of health and

explosion behavior. This characterization usually involves both the particles and

the bulk product. Measurement of particle size distribution (PSD), shape and/or

porosity of the particles is often the first approach as it is fairly easy. Characteri-

zation of the bulk properties is usually second; it is more complex and product

specific, but at least as important. It regards bulk density and rheological properties,

which are essential in relation to handling and processing (see further Chaps. 5, 13,

and 15).

Typically, test samples are used to characterize the quality of material batches.

Always, such samples shall be representative for the product batch and contain a

sufficient number of particles over the full size distribution. Most often such

representativeness can only be obtained, due to segregation and/or process fluctu-

ations, by collecting samples at different times during particulate flow or from

different locations in a bulk, mixing them to reach a composite sample and, if

necessary, dividing this composite sample to reach a smaller test sample. Note that

sometimes very small test samples are used for analysis. In such small samples, the

number of particles present may severely limit the quality of the results. Especially
highly segregated materials require adequate quality of the sampling procedure,
which always should be checked. For compliance testing, the materials should

preferably be analyzed after production as well as before application, in view of

potential segregation during transport and storage (see Chaps. 9 and 15).

The quality criteria for the total analytical method, including sampling, sample

preparation and measurement, are dictated by the performance requirements of the

ultimate product. In general, the analysis aims at characteristics of the particles

(size distribution, particle shape and porosity), at bulk solids properties as bulk

density, flowability and wall friction, and for dispersions at particulate concentra-

tion and rheological behavior.
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Measurement of the PSD is often the first approach for product quality control in

view of the ease of execution and its relationship with both bulk properties and

product quality. Its measurement method requires, besides obtaining a representa-

tive test sample, also adequate dispersion, concentration range, size range, analysis

time, precision (both repeatability and reproducibility), accuracy, resolution and

sensitivity. Note that inadequate sampling and dispersion as well as incompetent

analysts, who deviate from given instructions or overlook unexpected behavior

during analysis, may strongly deteriorate the quality of the analysis results

[12]. Moreover, the optimum control of many processes requires very fast avail-

ability of measurement results, for which PSD parameters are often adequate. To

reduce human involvement, various kinds of commercial samplers and on- and

in-line PSD measurement instruments have been developed for application in the

control of these industrial processes. On the other hand, analysis of the bulk

properties is essential when particle-particle interactions play an important role in

the product performance.

The properties of single particles strongly depend upon particle composition,

type and size. For near-spheres, the relationships are generally well understood. For

example, color and transparency strongly depend, in addition to chemical nature,

upon both crystal type and particle size, especially when the size is in the same

range as the wavelength of the light. Good examples are pigments in paints and

sunscreens [13]. For non-spherical particles, however, the understanding is ham-

pered by the influence of particle shape.

The behavior of bulk particulate materials and products may be very complex

since the inter-particle distance is often small andmutual interactions of the particles

and with the surrounding medium play a role. Mechanical interactions between

particles dominate in dry powders. If the particles are regular and have sizes larger

than about 20–50 μm in a (medium-) narrow size distribution, the powders show a

behavior that depends mostly upon bulk density and size distribution (degree of

particle packing and strength of attractive forces). They are usually free flowing,

since the inter-particle attractive forces are small in comparison to particle mass. The

consequences are that they can move easily but also segregate easily.

An example of the influence of particle size is sketched in Fig. 1.2 for the

fluidization behavior of powders [6, 13].

If the particles in a powder show a broad size distribution, which is the case for

most industrial products, then the bulk density strongly depends upon the history of

aeration, consolidation and vibration. Aeration during storage often leads to rela-

tively small bulk densities especially when the particles take their first position

while leaving a lot of empty space. Tapping, vibration and consolidation generally

result in significantly greater bulk density than in the loose state after pouring. This

is because the smaller particles may fill the voids in between the larger ones, but

only after breaking the attractive inter-particle forces by the induced external

forces. Higher bulk density also means that bed porosity is significantly smaller

and mechanical interactions larger. Near maximum packing the mobility of the

particles is strongly reduced due to mutual hindrance.

Note that particles having a substantial static charge at their surface behave in

the same way as with a high degree of aeration since repulsive forces between the
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particles dominate in the behavior. An example is polymer powder, which can build

up charge by friction. This charge causes that particles repel each other and cannot

reach close proximity.

Dry powders, where the particles have sizes smaller than about 20 μm and/or

have shapes like plates or fibers, behave quite differently from powders containing

larger, regular particles. They are cohesive already in fairly loose packing, since the

inter-particle forces are large in comparison to particle mass and, thus, dominate in

the behavior. This makes such powders very resistive to flow, especially after some

kind of consolidation (as e.g. occurs during storage), when inter-particle distances

are decreased. Presence of small amounts of water in a powder enhances this

phenomenon of cohesivity.

Several performance quality aspects of products, for example cohesivity,

flowability, rheological behavior, shear strength and taste, can be measured more

or less directly through standardized measurement methods (see further Chaps. 5,

13, and 15).

The rheological behavior of bulk powders is usually characterized through shear

tests and measurements of bulk density (free and tapped), angle of repose and wall

friction. Taylor et al. [22] have concluded through principal component analysis that a

combined flowability index based onmeasurements of critical orifice, compressibility

and angle of repose provides a better product characterization than the individual tests.

The different facets of the flow properties of powders also can be illustrated in

so-called spider diagrams, based, for example, on measured characteristics of bulk

density, wall friction, shear strength, Hausner ratio and some equipment characteris-

tics such as hopper wall angle for mass flow and critical outlet size. Such diagrams

present a nice overview of powder flow behavior and equipment characteristics

through ranging the various parameters in terms of easy, modest and poor flow.

Thus, they also highlight specific aspects that deserve more attention. This is advan-

tageous for application in hopper design (see further Chap. 15).
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Fig. 1.2 Geldart fluidization diagram [13] (Adapted from [6]); (Copyright Springer; reproduced

with permission)
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