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Abstract

Wet agglomeration processes have traditionally been considered an empirical art, with great difficulties in predicting and explaining
observed behaviour. Industry has faced a range of problems including large recycle ratios, poor product quality control, surging and even
the total failure of scale up from laboratory to full scale production. However, in recent years there has been a rapid advancement in our
understanding of the fundamental processes that control granulation behaviour and product properties. This review critically evaluates the
current understanding of the three key areas of wet granulation processes: wetting and nucleation, consolidation and growth, and breakage
and attrition. Particular emphasis is placed on the fact that there now exist theoretical models which predict or explain the majority of
experimentally observed behaviour. Provided that the correct material properties and operating parameters are known, it is now possible
to make useful predictions about how a material will granulate. The challenge that now faces us is to transfer these theoretical
developments into industrial practice. Standard, reliable methods need to be developed to measure the formulation properties that control
granulation behaviour, such as contact angle and dynamic yield strength. There also needs to be a better understanding of the flow
patterns, mixing behaviour and impact velocities in different types of granulation equipment.q2001 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Granulation, also known as agglomeration, pelletisation
or balling, is the process of agglomerating particles to-

Ž .gether into larger, semi-permanent aggregates granules in
w xwhich the original particles can still be distinguished 1 . In

wet granulation processes, this is performed by spraying a
liquid binder onto the particles as they are agitated in a
tumbling drum, fluidised bed, high shear mixer or similar
device. The liquid binds the particles together by a combi-
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nation of capillary and viscous forces until more perma-
nent bonds are formed by subsequent drying or sintering.1

Granulation is an example ofparticle design. The
desired attributes of the product granules are controlled by

Ža combination of formulation design choosing the feed
. Žpowder and liquid properties and process design choos-

.ing the type of granulator and the operating parameters .
Some of the desired properties of granulated products

1 Some granulation processes are arranged so that the predominant
mechanism of particle growth is by coating successive layers of a melt,
solution or slurry onto the surfaces of seed particles where it solidifies or

Žcrystallises to form anAonion skinB effect common in spouted and
.fluidised beds . This review does not consider this form of granulation

but is confined to the agglomeration of pre-existing particles by addition
of a liquid binder. This review is also restricted to processes where
granules are formed by agitation and so does not include extrusion or
tableting processes.
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include: reduced dustiness which minimises losses, inhala-
tion and explosion risks; improved flow and handling
which facilitates controlled metering; increased bulk den-
sity; reduced pressure loss for fluid flow through a packed
bed, which is useful in blast furnaces and leach heaps;
controlled dissolution rates; and the co-mixing of particles
which would otherwise segregate during handling. Granu-
lated products often maintain a high proportion of the
surface area of the original particles, which is useful in
applications involving catalysts or requiring rapid dissolu-
tion.

Granulation finds application in a wide range of indus-
tries including mineral processing, agricultural products,
detergents, pharmaceuticals, foodstuffs and specialty
chemicals. In the chemical industry alone it has been
estimated that 60% of products are manufactured as partic-
ulates and a further 20% use powders as ingredients. The
annual value of these products is estimated at US$1 trillion

w xin the US alone 2 . Granulation is a key step in many of
these industries. Improper granulation causes problems in
down-stream processes such as caking, segregation and
poor tableting performance.

Granulation has been a subject of research for almost 50
years. Some of the earliest pioneering work was performed

w xby Newitt and Conway-Jones 3 and Capes and Danckw-
w xerts 4 using sand in drum granulators. Since then, a large

volume of work has been published studying materials
ranging from minerals to pharmaceuticals, granulated in
equipment ranging from fluidised beds to high shear mix-
ers. Over the years, a number of books and comprehensive
review papers have been written to summarise the state of

Ž w x.knowledge in this discipline e.g. Refs. 5–13 and it has
been a lively topic of discussion at international confer-

Ž w x.ences e.g. Refs. 14 .
However, in spite of its widespread use, economic

importance and almost 50 years of research, granulation
has in practice remained more of an art than a science.
Existing continuous industrial plants frequently operate
with recycle ratios as high as 5:1 and suffer from cyclic
behaviour, surging, erratic product quality and unplanned

w xshutdowns 15 . There is no formal methodology for the
w xdesign or operation of granulation circuits 16 . Engineers

do not predict the granulation behaviour of new formula-
tions from their fundamental properties. Neither has it
been known how to vary a formulation in order to obtain a
desired change in product properties. Expensive and exten-
sive laboratory and pilot scale testing of all new materials

w xis still undertaken 12 . This is a particular problem in
industries where there are many and frequently changing

Žformulations with widely varying properties e.g. food,
.pharmaceuticals and agricultural chemicals . Regulations

often require these new formulations to be registered be-
fore there is sufficient material available for laboratory and
pilot scale granulation tests. Even when pilot scale testing
does occur, there is still a significant failure rate during
scale up to industrial production.

However, we are now close to being able to change this
poor state of affairs. In the last decade, there have been
significant advancements in our understanding of granula-
tion. We now have a qualitative understanding of the
effects of different variables on granulation behaviour, and
our knowledge is advancing rapidly enough such that we
should soon be able to make quantitative predictions based
on a sound scientific understanding of the underlying
phenomena. In particular, following the pioneering work

w xof Ennis et al. 17,18 , binder viscosity has been recog-
nised as an important parameter in controlling granulation
behaviour. There has also been a growing awareness of the
importance of powder wetting and liquid distribution in
controlling granule nucleation and subsequent growth be-

Ž w x.haviour e.g. Refs. 19–23 . These recent advances in
understanding, together with the fact that there have been
no major reviews of this topic in the last 5 years, make it
appropriate as we begin a new century to review the extent
of our current knowledge and highlight the areas requiring
further research.

This paper is based upon the view that there are funda-
mentally only three sets of rate processes which are impor-
tant in determining wet granulation behaviour. These are:
wetting and nucleation; consolidation and growth; and

w xbreakage and attrition 1,20,24,25 . Once these processes
are sufficiently understood, then it will be possible to
theoretically predict the effect of formulation properties,
equipment type and operating conditions on granulation
behaviour, provided that these can be adequately charac-
terised.

We first give a brief background of the transition to this
new view from the more traditional ways of describing
granulation. Then the three main sections of this paper
discuss in turn the wetting and nucleation, consolidation
and growth, and attrition and breakage processes. The
current state of understanding in each of these areas is
critically reviewed. Deficiencies in understanding are high-
lighted with suggestions made for future research. The
conclusions summarise the findings and major recommen-
dations. This review does not cover equipment design and
selection issues or population balance modelling of granu-
lation systems. The interested reader should consult the
reviews referred to above for further information on these
topics.

2. The changing description of granulation processes

Granulation behaviour has traditionally been described
in terms of a number of different mechanisms, some of

Ž w x.which are shown in Fig. 1a e.g. Ref. 26 . However, such
a picture of many competing mechanisms is daunting.
Quantitative prediction of granule attributes is difficult. In
addition, the demarcation between these mechanisms arbi-
trarily depends on the cut off size between granule and
non-granular material, which depends on the measurer’s
interests and ability to count small particles. These mecha-
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Ž . Ž w x. Ž . w xFig. 1. Schematic of granulation processes a Traditional view after Sastry and Fuerstenau 26 ; b Modern approach 1 .

nisms could all be considered as cases of coalescence
andror breakage. It is simply the size of the coalescing
particles and the availability of surface liquid which varies
from case to case.

Hence, it is becoming more common to view granula-
tion as a combination of only three sets of rate processes
Ž . Ž w x.Fig. 1b e.g. Refs. 1,20,24,25 :

1. Wetting and nucleation, where the liquid binder is
brought into contact with a dry powder bed, and is
distributed through the bed to give a distribution of
nuclei granules;

2. Consolidation and growth, where collisions between
two granules, granules and feed powder, or a granule
and the equipment lead to granule compaction and
growth; and

3. Attrition and breakage, where wet or dried granules
break due to impact, wear or compaction in the
granulator or during subsequent product handling.

It is this latter approach which is adopted in this review.
Section 3 discusses wetting and nucleation, Section 4
discusses consolidation and growth and Section 5 dis-
cusses breakage and attrition.

3. Wetting and nucleation

Wetting and nucleation is the process of bringing liquid
binder into contact with dry powder and attempting to
distribute this liquid evenly throughout the powder. It is

regarded as an important stage in granulation processes
Ž w x.e.g. Ref. 1,20 but is rarely identified and separated from
other effects such as coalescence and attrition. Many stud-
ies have focused on granule growth but have given no
details of the binder addition method or the extent of
binder distribution. Consequently, our knowledge of the
processes controlling nucleation is limited.

In this section on wet granulation nucleation and binder
dispersion processes, we will focus on thenucleation zone
Ž w x.also called thewetting zone 27 . We define this as the
area where the liquid binder and powder surface first come
into contact and form the initial nuclei. The size distribu-
tion of these initial nuclei depends critically on the pro-
cesses happening in the nucleation zone, although other
processes in the rest of the granulator, such as mechanical
mixing, may subsequently alter this distribution.

Two processes are important in the nucleation zone.
Firstly, there is nuclei formation, which is a function of
wetting thermodynamics and kinetics. Secondly, there is
binder dispersion, or effective mixing of the powder and
binder, which is a function of process variables. Choosing

Ža poor combination of powder and binder for example, a
.high contact angle or using an inefficient binder disper-

Žsion method for example, high liquid flow-rate, poor
.spray characteristics both produce a product that is diffi-

cult to control and reproduce.

3.1. Nucleation thermodynamics

Nucleation is the first step in granulation where the
binder begins to wet the powder and form initial agglomer-
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ates. Whether or not wetting is energetically favourable is
driven by thermodynamics. Studies of wetting thermody-
namics have focused on two aspects: the contact angle
between the solid and the binder, and the spreading coeffi-
cients of the liquid phase over the solid phase and vice
versa.

The solid–liquid contact angle of the system directly
affects the characteristics of the granulated product. For

w xinstance, Aulton and Banks 28 mixed increasing propor-
Žtions of a hydrophobic powder salicylic acid with a

.contact angle ofus1038 with a hydrophilic powder
Ž .lactose with contact angleus308 in a fluidised bed
granulator. As the contact angle of the powder mixture

Žincreased i.e. wettability of the powder mixture de-
.creased , the mean granule size decreased. Jaiyeoba and
w xSpring 29 performed similar experiments using a ternary

mix of powders. However, the size distribution of the third
component also changed and may be at least partly respon-
sible for the observed changes in granule size and proper-

w xties. Gluba et al. 30 granulated several different powders
with varying contact angle in a drum granulator. They
defined theAsucking abilityB of a powder as the volume of
water sucked in by a powder sample of given size, which
is related to the contact angle. They applied the theory of
moments and compensated for the slightly different initial
particle size distributions. Mean granule size increased
while the variance and asymmetry decreased as the suck-

Ž .ing ability or wettability of the powder improved.
Wetting and nucleation can also be described using

surface free energies. The spreading coefficientl is a
measure of the tendency of a liquid and solid combination
to spread over each other and is related to the works of
adhesion and cohesion:

Work of cohesion for a solid:W s2g 3-1Ž .CS SV

Work of cohesion for a liquid:W s2g 3-2Ž .CL LV

Work of adhesion for an interface:W sg qg ygA SV LV SL

3-3aŽ .

W sg cosuq1 3-3bŽ . Ž .A LV

whereg is the surface free energy,u is the solid–liquid
contact angle and the subscriptsALB, ASB andAVB denote
liquid, solid and vapour phase respectively. The work of
cohesion is the work required to separate a unit cross-sec-
tional area of a material from itself. The work of adhesion
is the work required to separate a unit area of an interface.

Ž .Eq. 3-3b is derived by substitution of the Young–Dupre
equation, g yg sg cosu. However, this is onlySV SL LV

valid for u)08.
The spreading coefficientl is the difference between

the works of adhesion and cohesion. Spreading coefficients
indicate whether spreading is thermodynamically
favourable. There are three possibilities in spreading be-
tween a solid and a liquid: the liquid may spread over the

Ž .solid l and create a surface film; or the solid mayLS
Ž .spread or adhere to the liquidl but no film formationSL

occurs. The third possibility is that both the liquid and
solid have high works of cohesion, and the solid–liquid
interfacial area will be minimised. Spreading coefficients
for each phase can be calculated using the following

w xrelationships 31 :

l sW yW 3-4aŽ .LS A CL

l sW yW 3-5Ž .SL A CS

Spreading will occur spontaneously when the spreading
coefficient is positive. The works of adhesion and cohesion
can be calculated from measurements of the fractional

w xpolarity and surface free energy of the system 32,33 .
w xRowe 32 hypothesised that two modes of nuclei forma-

tion exist depending on the value of the spreading coeffi-
cients. Whenl is positive, the binder will spread andLS

form a film over the powder surface and liquid bridges
will form between most contacting particles, creating a
strong, dense granule. Whenl is positive, bonds willSL

form only where the liquid and powder initially touch
because the liquid will not spread or form a film. Granules
formed in this case have fewer bonds and consequently
would be weaker and more porous.

w xSeparate studies by Krycer and Pope 34 and Zajic and
w xBuckton 33 confirm that differences in granule properties

can be correlated with the spreading coefficient. Krycer
w xand Pope 34 did not calculate the spreading coefficient

directly from measurements of the fractional polarity. In-
Ž . Ž .stead they used Eqs. 3-2 and 3-3b to give theAwork of

spreadingB:

l) sl cosuy1 3-4bŽ . Ž .LS LV

This is equivalent tol for contact angles greater thanLS

zero, but has a maximum value of zero and so cannot
predict the positive spreading coefficients which occur
when us0. The best spreading occurs when the work of
spreading is closest to zero. Paracetamol granulated with 4
wt.% HPMC had the least friable granules and a work of
spreading closest to zero. Electronmicrographs of the
HPMC granules showed binder films on the particle sur-
faces and many liquid bridges at the particle contacts. In
contrast, the granules bound with 4 wt.% sucrose solution
had a more negative coefficient of spreading, were the
most friable, and electronmicrographs revealed no film
formation and few interparticle bonds. Granulation in each
case was successful, but the nuclei morphologies and final

w xproperties varied considerably 34 .

3.2. Nuclei formation kinetics

In practice, the liquid may not have enough time to
reach its equilibrium state, due to interference from the
mixing process occurring simultaneously in the granulator.
The nuclei size distribution is a function of both wetting
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kinetics and thermodynamics. As the wetting process pro-
ceeds, the fluid penetrates into the pores of the powder
surface, forms a nucleus and migrates outwards as the
nucleus grows. The need to study nucleation kinetics has

w xonly recently been identified 19,25 and some work has
begun in this area. The ‘destructive nucleation growth
mechanism’ in high shear granulation developed by Vonk

w xet al. 35 proposes multiple steps in nucleation including
breakage and is discussed further in Section 5.1.1.

The relative sizes of the droplet to primary powder
particles will influence the nucleation mechanism. Schæfer

w xand Mathiesen 36 proposed two different nucleation
mechanisms, depending on the relative size of the droplets

Ž .to the particles see Fig. 2 If the drop is large compared to
the particles, nucleation will occur byimmersion of the
smaller particles into the larger drop. This produces nuclei
with saturated pores. Nucleation with relatively small drops
will occur by distribution of the drops on the surface of
the particles, which will then start to coalesce. This will
produce nuclei which may have air trapped inside. Al-
though these mechanisms were proposed for melt agglom-
eration, they have been extended to cover wet granulation

w xby Scott et al. 21 .
Nuclei formation kinetics will depend on similar param-

eters regardless of the drop and particle size ratio. In the
immersion case, once a wetting liquid binder contacts the
powder, it penetrates into the capillary pores to form a
highly saturated initial agglomerate. There are no models

Ž .for the imbibition of drops into powders Fig. 3a , but a
theory does exist for penetration of a single drop into a

w xporous surface 37 . This approach applies the Washburn
equation where flow is driven by the capillary pressure and
resisted by viscous dissipation. Two cases of drop penetra-
tion were considered, constant drop drainage area and
receding drop drainage area. The theoretical penetration

Ž .time, t , for the constant drawing area CDA case is given
w xby 37 :

2V 2 mo
t s 3-6Ž .CDA 2 2 4 g cosup ´ r R LVd pore

whereV is the total drop volume,r is the radius of theo d

drop footprint on the powder surface,́ is the surface
Ž .porosity which may differ from the bed porosity ,g isLV

Fig. 2. The nucleation formation mechanism may depend of the relative
Ž .sizes of the droplet to primary particle size. a Distribution mechanism.

Ž . Ž w x.b Immersion mechanism adapted from Ref. 36 .

Ž .Fig. 3. Single drop nucleation. a Initial nuclei formation due to imbibi-
Ž .tion of the drop into the powder. b Liquid migration within the powder

bed causing nuclei growth.

the liquid surface tension,m is the liquid viscosity,u is
the solid–liquid contact angle andR is the effectivepore

pore radius based on cylindrical pores. Preliminary valida-
w xtion of this model on glass powder is promising 38 .

Thus, the penetration time depends on both wetting
Žthermodynamics represented by the adhesion tension

. Žg cosu and the wetting kinetics strongly affected byLV

the liquid viscosity and effective pore size of the powder
.bed . The retarding effect of viscosity on nucleation kinet-

w xics has been identified only recently 39 although general
studies of viscous effects in granulation report that viscous
binders are more difficult to distribute and may cause a

w xchange in nucleation mechanism 18,40–42 .
Once the liquid has penetrated the bed surface, the rate

of migration within the bed and the final nucleus size will
Ž .depend on similar parameters see Fig. 3b . Schaafsma et

w xal. 43 have modelled in detail the layering growth of the
initial nuclei due to saturation differences as a function of
time. This mechanism is similar to that proposed by Buten-

w xsky and Hyman 24 . Flow is induced by the capillary
pressure difference between the fully saturated pores inside
the nuclei and the unsaturated pores at the outer surface.
The predicted nuclei size correlated well with nuclei grown
from a single drop on a small dish of powder.

This approach assumes that the initial drop penetration
Ž .stage Fig. 3a is almost instantaneous with liquid migra-

Ž .tion below the bed surface Fig. 3b being the rate limiting
step. This assumption is valid for non-viscous, wetting

Žliquids such as water on lactose formulations or paper e.g.
w x.Ref. 44 . However, the initial drop penetration time

varies considerably depending on the powder and binder
w xused, and is particularly slow for viscous binders 38 . A

combined drop penetration and nuclei growth model would
provide a more complete picture of drop penetration kinet-
ics and nuclei morphology.

There may be some conditions under which the forces
in the granulator are sufficient to destroy the nuclei. The
deformation and destruction of nuclei due to shear forces
have been studied using a modified couette shear device
w x25,45 and this work is discussed further in Section 5.1.2.

3.3. Binder dispersion

The degree of binder dispersion indicates the quality of
the mixing between the powder and the binder fluid, and is
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strongly affected by the binder delivery method. In the
w x Žnon-inertial regime proposed by Ennis et al. 18 see

.Section 4.3.1.1 the rate of nuclei growth is totally depen-
dent on the presence and distribution of binder. Good
binder dispersion infers uniform wetting and controlled

w xnucleation. Mort and Tardos 20 hypothesised that the
degree of dispersion of the binder is reflected in the
product size distribution. If all particles contain an equal
amount of binder, their physical properties should be the
same and produce a narrow size distribution. If the binder
is unevenly distributed, some nuclei will be more saturated
than others and their growth will be preferential. This has

w xbeen confirmed by other workers 46,47 in experimental
studies where the proportion ofAlumpsB, defined as gran-
ules larger than 2 mm, was used as a measure of binder
dispersion. All studies were performed in mixer granula-
tors, and several different methods of adding the binder
solutions were used. Atomisation together with a high
impeller speed produced the best binder distribution. The
AconcentrationB of lumps was highest during the initial

Žliquid addition phase i.e. the lumps were formed during
.nucleation, not during the growth phase .

Irrespective of the method of binder delivery, an ini-
tially bimodal nuclei size distribution is inevitable, as
instantaneous uniform liquid distribution is physically im-

w x w xpossible 24,48 . Knight et al. 19 demonstrated in a high
shear mixer that the bimodal granule distribution can
persist for some time and that the largest granules were the

Ž .most saturated see Fig. 4 .

3.3.1. Binder deliÕery
There are three main ways to add the binder solution in

wet granulation: pouring, spraying and melting. The solu-

tion delivery method alters the final granule properties.
There are three operating variables in wet binder delivery:
drop size distribution, binder flow-rate and the size of the
spray zone.

Systematic investigation of how the nuclei and granule
size distributions change in response to changes in the
solution delivery method have been limited, but progress is

w x w xbeing made 19,21 . Knight et al. 19 added PEG1500 to
calcium carbonate powder in a high shear mixer in three
ways: pouring, spraying and melting. Other conditions,
including mixing and temperature, were kept constant. The
method of binder addition affected both the initial nuclei
size distribution and the subsequent granule growth be-
haviour. Similar experiments using the same materials and

w xequipment by Scott et al. 21 showed that granules formed
by pouring began with a bimodal size distribution which
then became uni-modal as granulation proceeded. The
granules formed were also larger, less porous, and had
faster growth kinetics. The constituent feed particle size
distribution in each granule size fraction was analysed by
dissolving the binder. Many of theAsmall granulesB con-
sisted of large ungranulated primary feed particles, while
the large granules were predominantly agglomerates of
small primary feed particles.

When the binder is poured into the granulator, the
w xinitial liquid distribution is poor 46 and the fraction of

w xcoarse granules increases 19 compared to an atomised
binder. Adding the binder by pouring creates local patches
of high moisture content and preferential growth. Simi-

w xlarly, Schæfer and Mathiesen 36 found in melt granula-
tion that increasing the binder particle size increased the
initial nuclei size and the subsequent granule growth rate.
Binder distribution became worse as binder viscosity in-

Ž . Ž .Fig. 4. a Persistence of bimodal granule size distribution as a result of mal-distributed binder. b Binder content as a function of granulation time and
Ž w x.granule size fraction. Source: Ref. 19 .
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creased, leading to wide, and even bimodal, granule size
w xdistributions. Wauters et al. 49 compared the drum granu-

lation growth of material, which was pre-wetted by knead-
ing in a plastic bag, with material wetted by spraying on
binder in situ. Pre-wetting distributed the binder evenly
and produced a narrow agglomerate size distribution.
Spraying the same amount of binder into the drum created
a wide agglomerate distribution and caused segregation
within the drum, due to an uneven binder flux across the
drum. However, their results are difficult to interpret, with
both pre-mixed and high spray flow rates giving rapid
growth, but with a medium binder spray rate giving no
growth.

A controlled spray droplet size distribution leads to a
w xmore controlled granule size distribution 24,50 , as the

size and distribution of the droplets determine the nuclei
w xsize distribution. Several authors 51–55 have found a

strong correlation between the drop size and nuclei size
w xdistributions in fluid bed granulators. Waldie 55 found

that one drop tended to form one granule according to the
relation:

d Adn 3-7Ž .g d

where d is the granule diameter,d is the drop diameterg d

and n is a correlation coefficient. For lactose and 5% PVP
solution, ns0.80 and for ballotinins0.85. This relation

Žheld over a large range of drop sizes from 35 to 3000
. w xmm . Schaafsma et al. 43 performed similar experiments

with water and lactose and calculated a correlation coeffi-
cient of ns0.89.

However, there are other cases where drop size has a
negligible effect on nuclei size. For example, in high shear
mixers, the granule product size appears almost indepen-

w xdent of the atomised binder droplet size 46 , as the
intensive shear forces crush the initial flocs and agglomer-
ates formed during the nucleation stage. A minor influence
on the product granule size was detected when the agita-
tion intensity was very low. The only case where the
binder addition method strongly influences the size distri-
bution of granules formed in high shear mixers is during
melt granulation, where the binder viscosity is extremely

w xhigh 36 . These results suggest that more than one mecha-
nism of liquid distribution exists—liquid may be absorbed
into the powder through capillary flow, or it may form
over-wet lumps which are then redistributed by mechanical
mixing.

One of the most widely studied variables affecting
binder distribution is the solution flow-rate. Rankell et al.
w x56 granulated aluminium hydroxide powder and sucrose
in a fluidised bed and varied the water spray rate from 10

Ž .to 25 lrh. The initial rate of agglomeration nucleation
increased as the binder spray rate increased. Similar results

w xare reported by other workers in fluid beds 57,58 and for
w xpulsed spraying 27 . There is general agreement that an

increase in flow-rate causes an increase in mean granule

size, although the magnitude of the effect is difficult to
determine as changes in spray-rate are usually accompa-
nied by changes in the drop size distribution. Depending
on the type of spray nozzle used, the drop size may
increase or decrease as the flow-rate is increased. Few
authors provide details of the drop size of the spray as a
function of flow-rate.

The nozzle position and the spray angle are commonly
Žused to alter the size of the spray zone or nucleation

. Žzone . The location and shape of the nucleation zone e.g.
.circular, annular, flat spray can also alter the binder

w xdispersion and nucleation 59 . Large spray angles and
high nozzles both increase the area of the bed exposed to
the binder spray. This reduces the likelihood of binder
droplets coalescing, and hence reduces the size and spread
of the nuclei produced. Several workers state that as the
nozzle height increased, the average granule size decreased
w x56,58 . Others report a narrowing of the distribution with
increased nozzle height but no change in mean granule

w xsize 60 . These variations demonstrate the strong depen-
w xdence on particular equipment set-ups 59 and that no

equipment-independent parameter or controlling group cur-
rently exists for reliably describing the nucleation zone
conditions.

3.3.2. Powder mixing
Efficient powder mixing is essential to binder disper-

sion in all granulators. High powder flux through the spray
zone allows more uniform distribution of the powder and
the binder fluid by carrying local patches of high binder
content out of the nucleation zone and providing a constant
supply of fresh powder into the nucleation zone. However,
mixing is a difficult variable to manipulate.

Powder flux studies are rarely separated from other
processes occurring simultaneously in the granulator.

w xRankell et al. 56 varied the feed rate of sucrose powder to
a continuous fluid bed from 18 to 38 kgrh and found the
mean granule size decreased due to ‘powder dilution’
effects. An increased powder flux through the nucleation
zone reduces the granule size, as there is less time and less
binder volume available for agglomeration per unit pow-
der. The product size was constant at a given powder feed
rate, indicating that a new steady state condition was
reached for each powder flux.

w xIn a fluidised bed granulator, Schaafsma et al. 27
found that surface mixing in a fluid bed was the limiting
factor to avoid overwetting and collapse of the bed. Work

w xby Tsutsumi et al. 61 recommends fast fluidised bed
granulators for achieving a narrow size distribution. The
turbulent gas flow promotes good powder and binder
mixing, and the dilute particle density minimises granule
coalescence, creating a nucleation and breakage only gran-
ulator. The final granule properties are controlled by the

Ž .binder properties spreading coefficients, contact angle
and the spray drop size distribution.
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Increasing the impeller speed in a mixer granulator aids
binder dispersion by increasing both the shear forces in the
granulator and the powder flux through the spray zone.

w xAlthough many workers 46,47,62–64 have studied the
effect of impeller speed on binder dispersion and final
granule size, these dual effects have not been clearly
distinguished. Improved binder dispersion due to an in-
creased powder flux through the nucleation zone has been
obscured by the focus on shear forces. Powder flux through
the nucleation zone is expected to have an important
influence, especially when the nuclei formation kinetics
are relatively slow.

3.3.3. Quantifying liquid distribution
In the past, the nucleation zone conditions have not

been described adequately to allow replication by other
workers with different equipment, or even the same type of
equipment at a different scale. An attempt to standardise
the description of nucleation zone conditions across equip-

w xment scales has been made by Tardos et al. 25 and
w xWatano et al. 65 . They suggest measuring binder delivery

in terms of the binder flow-rate compared to the size of the
spray zone and the powder flux through the spray zone. An
increased powder flux through the nucleation zone reduces
the granule size as there is less likelihood of drop coales-
cence and less binder volume available for agglomeration

w x w xper unit powder 56 . Watano et al. 65 measured the
granule size distribution as a function of gas velocity,
spray zone size and equipment scale in an agitated flu-
idised bed granulator. In this case, increasing the gas
velocity will increase the powder turnover and flux through
the spray zone. All experiments used an identical spray
nozzle, but the relative size of the spray zone compared to

the bed dimensions decreased as the granulator was scaled
up. The best binder dispersion and consequently the nar-
rowest distribution was produced with a high gas flow-rate
at the smallest scale i.e. the highest powder flux and the

Ž .largest spray zone see Fig. 5 . A similar approach was
w xtaken by Schaafsma et al. 27 who looked at the rate of

surface renewal in a fluidised bed compared to the spray-
ing rate.

w xLitster et al. 22 have quantified spray conditions as a
function of the major operating variables. In the spray
zone, the drops produced by the nozzle at a given volumet-

˙ric flow-rateV with an average dropsized cover a certaind

projected area of powder per unit time. This area of
droplets is distributed over some spray areaA on the
powder bed surface. The dimensionless spray flux is de-
fined as:

˙3V
C s 3-8Ž .a ˙2 Add

where the powder surface is traversing the spray zone with
˙a flux A. The dimensionless spray flux is a measure of

binder coverage on the powder surface.
A high spray flux value indicates that the binder solu-

tion is being added too quickly compared to the powder
flux rate. Droplets will overlap each other on the powder
surface, causing drop coalescence and a wider nuclei size
distribution. A low spray flux value indicates that the ratio
of powder flux to solution flow-rate is sufficiently high
that each drop lands separately and the nuclei are swept
out of the spray zone before being re-wet by another drop.
LowC values result in a well-dispersed binder where onea

droplet tends to form one granule Fig. 6.

Fig. 5. Geometric standard deviation of granule size in an agitated fluid-bed granulator as a function of gas fluidisation velocity and binder dispersion
Ž . w x w xmeasured using spray surface area to mass in mixer . Figure from Mort and Tardos 20 . Original data from Watano et al. 65 and analysed by Tardos et

w xal. 25 .



( )S.M. IÕeson et al.rPowder Technology 117 2001 3–39 11

Fig. 6. Effect of dimensionless spray flux on nuclei size distributions for
lactose with water at 310 kPa. AsC decreases the nuclei size distribu-a

Ž w x.tion becomes smaller and narrower Data from Litster et al. 22 .

Ex-granulator experiments with red dye and image anal-
ysis demonstrated that changes in dimensionless spray flux
correlate with a measurable difference in powder surface
coverage. Size analysis shows that spray flux controls the
size and shape of the nuclei size distribution. At lowC ,a

the system operates in the drop controlled regime, where
one drop forms one nucleus and the nuclei size distribution
is narrow. At higherC , drop overlap increases and eventu-a

ally the powder surfaceAcakesB creating a much broader
size distribution. For controlled nucleation with the nar-
rowest possible size distribution, it is recommended that
the dimensionless spray flux be less than 0.1 to be in the

w xdrop controlled regime 22 .

3.4. Nucleation regime map

Nucleation is a combination of single drop behaviour
Že.g. the penetration time controlled by contact angle and

.other material properties and multiple drop interactions
Že.g. the spray flux controlled by the spray zone character-

.istics and other operating variables . Depending on the
particular formulation properties and operating conditions,

w xdifferent mechanisms may dominate. Litster et al. 22,66
postulated that three nucleation regimes exist:drop con-
trolled, mechanical dispersion controlled and intermediate
regime.

In the drop controlled regime, the controlling property
is the droplet size. The binder droplets penetrate into the
powder bed pores almost immediately, and the nuclei
distribution reflects the drop size distribution. In this re-
gion, one drop tends to form one granule provided that two
key conditions are met:

1. The powder flux through the spray zone must be fast
enough that drops which hit the powder surface do

Ž .not overlap lowC .a

2. The drop must wet into the bed completely before
bed mixing brings it into contact with another par-

Žtially absorbed drop on the bed surface fast drop
.penetration time .

Powder mixing characteristics relative to capillary pres-
sure and binder viscosity should dominate in the mechani-
cal dispersion regime. Viscous or poorly wetting binders
are slow to flow through the powder pores and form

Žnuclei. Drop coalescence on the powder surface also
.known asApoolingB may occur and create a very broad

nuclei size distribution. In this regime, nucleation and
binder dispersion occur by mechanical mixing and agita-

Žtion, and the solution delivery method drop size, nozzle
.height etc. has a minimal effect on the nuclei properties.

In the intermediate regime, both drop penetration dy-
namics and shear force dispersion are significant. Clumps
of unevenly distributed binder will form if the binder
addition rate exceeds the binder dispersion rate. Wetting
kinetics compared to binder flux and exposure time should
control the nucleation. This regime would be most difficult
to control.

w xBased on this idea, Hapgood et al. 23 proposed a
preliminary version of the nucleation regime map, shown
in Fig. 7. This regime map incorporates some parts of the

w xAtransformation mapsB proposed by Mort and Tardos 20 .
Testing is in the early stages and the exact positions of the
regime limit lines are currently unknown. On the vertical

Ž .axis is drop penetration timet , indicating single dropp

behaviour and material properties. The penetration time is
Ž .made dimensionless by the particle circulation timet .c

The horizontal axis is the dimensionless spray flux, which
takes into account multiple drop behaviour. The map cen-
tres around the drop-controlled regime, where one drop
makes one nuclei, provided the drop penetrates fast enough
and the drops are well separated from each other. If
validated, this nucleation regime map will allow the effect
of changing formulation properties or operating conditions
to be predicted beforehand.

w xFig. 7. Nucleation Regime Map proposed by Hapgood et al. 23 . In the
drop-controlled regime, one drop tends to form one granule as the spray
droplets penetrate quickly into the powder and are well dispersed. In the
mechanical dispersion regime, one or both of these conditions are not
met, and binder dispersion occurs instead by mechanical mixing and
shear forces.
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3.5. Particle segregation during wetting and nucleation

Segregation of multi-component mixtures during granu-
lation is a common problem and of particular concern to
the pharmaceutical industry, where most of the research in
this area has been concentrated. Most pharmaceutical drugs

Žare hydrophobic, used in low dosages 5 wt.% drug or
.less and require a small surface area to control dissolution

and absorption. Drugs therefore tend to have a small
particle size, less than 30mm. However, the excipient
powders are generally much larger in size to avoid prob-
lems with fluidisation and handling of very fine powders
w x57 . The dual problems of size difference and drug hy-
drophobicity make segregation difficult to avoid.

The mechanisms of segregation are not fully under-
stood, and many causes have been suggested including
solubility differences, binder fluid migration, binder fluid
flow-rate, and abrasion. Migration of the binder fluid to
the outer layers of the granule during drying is one of the
most common explanations for segregation. The drug com-
ponents are transported with the flowing fluid and rede-

w xposited at the surface as the fluid evaporates 67,68 .
Abrasion may then remove the enriched outer granule
layers creating drug-enriched fines.

An alternative explanation is that the binder preferen-
tially wets the more hydrophilic particles, hence promoting
their growth at the expense of the hydrophobic ones.

w xCrooks and Schade 57 granulated 5% phenylbutazone
with lactose while varying the flow-rate of a 10% PVP
binder solution. The larger, more saturated granules grew

Ž .by layering the ungranulated feed powder rich in drug
Ž .onto the wet surface. At low spray rate 5 mlrmin the

Ždrug was concentrated in the coarse and fine fractions see
.Fig. 8 . Homogeneity improved with increasing binder

flow-rate suggesting that preferential wetting does control
segregation, although even at high flow rates there was
still a higher fraction of drug in the fines fraction.

Experimental studies of drug content uniformity often
present conflicting evidence. For instance, Whitaker and

w xSpring 67 granulated lactose powder with either sul-
Ž .phanilamide sodium high solubility or sulphacetemide

Ž . Žlow solubility at three drug concentrations 0.02%, 1%
.and 2% . The granulation results were the same for both

drugs: the fines were drug enriched when 0.02% drug was
used, and conversely, the fines were drug depleted at 1%
and 2% drug content. Hence, the solubility of the drug had
no effect on the drug migration in this case, but the cause
of the concentration effects is unknown.

w xMiyamoto et al. 69 report the opposite effect of solu-
bility. They used factorially designed experiments to study

Ž .the effect of the volume of binder solution water and the
concentration of HPC on several variables including drug
content uniformity. They used two formulations with dif-

Ž .fering drug solubilities: ascorbic acid high solubility and
Ž .ethenazamide low solubility . They observed that high

solubility and high HPC concentration improved drug dis-
w xtribution, contrary to Whitaker and Spring 67 . They

proceeded to optimise the formulation without further sys-
tematic investigation.

High concentrations of HPC as a binder will increase
the liquid viscosity and reduce its ability to migrate to the
surface. This is the most likely cause of Miyamoto’s

w xresults. Warren and Price 68 have investigated this using
lactose and calcium phosphate based formulations with
various povidone and hydroxypropyl methylcellulose

Ž .binder solutions viscosities ranged from 1 to 1000 cps .
Drug migration decreased as the binder viscosity increased
and was almost entirely eliminated above 90 cps. They
suggest that low viscosity binders can be drawn to the
surface by the entry suction pressure as drying proceeds,
bringing the soluble drug to the granule surface where
abrasion subsequently creates drug enriched fines. How-
ever, viscous binders retard the rate of fluid flow, and
evaporation occurs faster than fluid migration. The fluid
vaporises inside the granule, leaving the drug safely inside
the interior.

In order to advance our understanding of component
segregation behaviour during granule nucleation and

Ž w x.Fig. 8. Segregation of drug component into fines fraction during fluid bed granulation Data: Crooks and Schades 57 .
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growth, much more carefully designed and detailed experi-
ments are required. Most of the work in this area either

Žmanipulates too many variables at once e.g. volume of
.binder solution and amount of HPC binder simultaneously

or fails to report other experimental parameters. Many
papers aim to report the behaviour of a particular powder
and drug system, without explaining the causes of this

Ž .behaviour e.g. Miyamoto’s factorial experimental design .
We need to move beyond this ‘black box’ approach, as we
have done in nucleation over the last decade, and concen-
trate on discovering how to control segregation using a
fundamental understanding of the mechanisms involved.
This is a growth area for research.

3.6. Conclusion

Recent advances in granulation are demonstrating the
importance of controlled nucleation. A better understand-
ing of the variables and their interactions has been reached,
and a number of new controlling groups have been identi-
fied. For instance, the importance of nucleation kinetics
has now been recognised. The fact that the thermodynam-
ics of wetting can be influenced or overridden by other
processes occurring in the granulator is beginning to
emerge.

The improved understanding of nucleation that we have
gained over the last decade is reflected by a general
change of attitude towards nucleation in the granulation
community. Research papers over the last 10 years are
beginning to report in some detail the nucleation mecha-
nism used, even when the primary focus of the paper is
growth or breakage. However, there is still room to im-
prove in reporting experimental nucleation conditions. Vi-
tal parameters such as drop size distribution, spray areas,
nozzle heights, and time of liquid addition are still often
missing from published papers.

Quantifying binder dispersion conditions to remove
equipment dependence and allow better repeatability of
experiments is a recent direction in the research. Several
groups in the world are working simultaneously in this
area and progress is expected to be rapid. The powder flux
through the spray zone or powder surface renewal rate is a
recent and promising idea. Suggested operating spray flux
values, nucleation regime maps and the ability to make
quantitatiÕe statements about controlling nucleation condi-
tions are on the way as we enter what promises to be an
exciting period in nucleation research.

4. Granule growth behaviour

Granule growth occurs whenever material in the granu-
lator collides and sticks together. For two large granules
this process is traditionally referred to ascoalescence,
whereas the sticking of fine material onto the surface of
large pre-existing granules is often termedlayering. How-
ever, the distinction between these two processes is arbi-

trary depending on the cut-off size used to demarcate fine
from granular material. These growth processes may begin

Žas soon as liquid is added to an agitated powder mass i.e.
.simultaneous with the wetting and nucleation stage and

may continue on well after liquid addition has been com-
pleted. In some systems, however, insufficient liquid is
added to promote further growth, and the granule size is
determined purely by the nucleation conditions.

Whether or not a collision between two granules results
in permanent coalescence depends on a wide range of
factors including themechanical properties of the granules
and theaÕailability of liquid binder at or near the granule
surfaces. During agitation, granules gradually consolidate
which increases their liquid pore saturation and alters their
mechanical properties. Hence, consolidation often has a
pronounced effect on granule growth behaviour and must
be considered in conjunction with it. Therefore, the me-
chanical properties and consolidation behaviour of wet
granules are discussed first, before moving onto a detailed
review of granule growth behaviour.

4.1. Mechanical properties of liquid-bound granules

Granules can exist in a number of different states of
liquid saturation. These were first described by Newitt and

w xConway–Jones 3 and are shown in Fig. 9. In thependu-
lar state particles are held together by liquid bridges at

Ž .their contact points pendular bonds . Thecapillary state
occurs when a granule is saturated—all the voids are filled
with liquid and the surface liquid is drawn back into the
pores under capillary action. Thefunicular state is a
transition between the pendular and capillary state where
the voids are not fully saturated with liquid. Thedroplet
state occurs when the particles are held within or at the
surface of a liquid drop. It is also possible to have a
pseudo-droplet state where unfilled voids remain trapped
inside the droplet. This is more likely to occur in poorly

w xwetting systems 31 . During granulation, it is possible for
the saturation state of the granules to shift from the
pendular state through to the droplet state, either due to the
continuous addition of liquid binder andror due to consol-
idation reducing the granule porosity.

Liquid-bound granule strength is dominated by two
categories of forces: liquid bridge and inter-particle fric-
tion. The liquid bridges can generate both static surface
tension forces and dynamic forces due to the liquid viscos-
ity. These forces are now discussed.

4.1.1. Static strength
The static strength of a pendular liquid bridge consists

of two components. There is a capillary suction pressure
caused by the curvature of the liquid interface and a force
due to the interfacial surface tension acting around the
perimeter of the bridge cross-section. There can also be a
buoyancy force due to the partial submersion of the spheres,

w xbut Princen 70 showed that this was negligible for spheres
less than 1 mm in diameter.
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Ž w x w x.Fig. 9. The different states of saturation of liquid-bound granules After Newitt and Conway-Jones 3 and York and Rowe 31 .

The capillary suction pressure,DP , generated by thecap

curvature of the liquid bridge is given by the Laplace–
Young equation:

2g 1 1LV
DP s sg ycap LV ž /r r r1 2

y 1¨
sg y 4-1Ž .LV 3r2 1r22 2ž /1qy y 1qy˙ Ž .˙

where g is the liquid surface tension andr is theLV

curvature of the bridge surface.r can be calculated from
the two principal radii of curvature of the surface,r and1

r , as shown in Fig. 10. These can be evaluated at any2
Ž .point along the bridge profile,y x , using the derivatives

Ž .in the third equality of Eq. 4-1 .
Ž .Eq. 4-1 cannot generally be solved analytically. Hence,

it is common to approximate the liquid bridge profile as a
toroid. However, a toroid does not have a constant mean
surface curvature. This has lead to debate as to whether the
surface tension and capillary pressure terms should be

Ževaluated at the mid-point of the bridge the so-called
.AgorgeB method or at the contact line with one of the

Ž .spheres theAboundaryB method :

F spDPr 2q2p r g 4-2aŽ .gorge 2 2

F spDPa2sin2fq2p asin f sin uqfŽ . Ž .boundary

4-2bŽ .
w xHotta et al. 71 present numerical and experimental results

which support the boundary method, whereas Lian et al.

Fig. 10. Schematic of a pendular bridge between two equi-sized spheres.

w x72 found that the gorge method gave the best estimate of
the total force.

Rather than rely on an analytical solution to a profile
w xapproximation that is known to be flawed, Willet et al. 73

numerically solved the full Laplace–Young equation and
then fitted empirical expressions to the results. ForVra3

Ž .-0.001 whereV is the bridge volume they found that:

F cosu
s 4-3Ž .1r22 22p ag LV h a h a

1.0q2.1 q10.0ž / ž /V V

Note that the bridge force turns out to be directly propor-
Ž .tional to the liquid adhesion tensiong cosu of theLV

system. More complex expressions are also available for
larger bridge volumes and the case where the two spheres

w xare not of equal size 73 .
The normal force generated by liquid bridges at inter-

particle contacts activates inter-particlefriction forces.
Other forces such as electrostatic and Van der Waal forces
are insignificant in wet systems with particles larger than

w x10 mm in size 74 .
There is a large body of experimental work on the static

strength of liquid-bound granules. These measures have
Ž w x.either been direct tensile tests e.g. Refs. 74,75 or uni-

axial compression tests where the granule or compact is
Ž w x.assumed to fail due to tensile stress e.g. Refs. 3,76 .

w xSchubert 77 describes the different methods available to
measure the strength of moist agglomerates. There are two
main parameters of interest that are usually reported: peak
yield stress and the maximum strain before brittle failure.

Peak yield stress always increases with decreasing size
w xof the constituent particles 3,74,78–80 . This is because

there is a larger volume density of interparticle contacts
when smaller particles are used and the smaller average
pore size also increases capillary and viscous forces. Simi-
larly, granule strength is also higher if the constituent

w xparticles have a wide size-distribution 78,79 or if the
w xgranule is compacted to a lower porosity 3,76 . Large,

mono-disperse particles produce weak, easily deformed
granules.

Granule strength decreases as binder surface tension is
w xlowered 3,76 . This is because the capillary suction pres-

sure and surface tension forces are both proportional to
liquid surface tension. Likewise, it is also expected that
granule strength will decrease as the contact angle in-
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Ž .creases more hydrophobic , although there are no experi-
mental studies to prove this, largely due to the difficulty of
varying contact angle while keeping all other parameters
constant.

w xRumpf 74 developed a widely quoted model for pre-
dicting the tensile static strength of a liquid-bound granule.
He assumed that granules were a matrix of equi-sized
spheres that failed by sudden rupture of the liquid bridges
between every particle across the whole fracture plane. For
a granule in the funicular and capillary states, the tensile
strengths is given by:t

1y´ g cosuLV
s sSC 4-4Ž .t

´ dp

where S is the liquid pore saturation,C is a material
Ž .constant for uniform spheresCs6 , ´ is the granule

porosity,d the surface-average particle diameter,g thep LV

liquid surface tension andu is the liquid–solid contact
angle. Many variations of Rumpf’s approach have been
presented in the literature to include effects such as the

w xfinite separation distance between particles 81 and the
w xeffects of particle size distribution 82 .

Ž .Eq. 4-4 predicts that granule strength is proportional
to liquid surface tension and saturation, increases with
decreasing porosity and is inversely proportional to parti-
cle size. All these trends have been observed experimen-
tally for granules made from relatively large, mono-sized

Ž w x.particles e.g. Ref. 83 . However, quantitatively the the-
ory is usually incorrect. For large, monosize particles, the

w xtheory over-predicts granule strength. Wynnyckyj 84 be-
lieves that this is because it fails to account for the
presence of extensive pore networks in granules. Failure
occurs by crack growth along these pore structures, not by
sudden failure across the whole plane. The strength in
these cases is better measured using three-point bend tests
and has been found to be proportional to porosity to the

w xfourth power 85 .
Ž .Eq. 4-4 also under-predicts the strength of granules

made from fine, widely sized particles and incorrectly
predicts the effect of binder content. For coarse particles,
increasing binder content generally increases granule

w xstrength up to the saturation state 3,74,75,78 . However,
in fine particle systems, there is a maximum strength at
around 20% to 30% liquid saturation, and after that the
strength decreases rapidly as liquid saturation increases
Ž w x .e.g. Refs. 86–89 ; see Fig. 11 .

These opposing trends are a result of the opposite
effects of liquid content on inter-particle friction and liquid

w xbridge capillary forces 76 . Capillary forces increase with
Žincreasing liquid content up to the capillary state Eq.

Ž ..4-4 . However, liquid binder can also lubricate inter-par-
ticle contacts, thus reducing frictional forces. Hence, the
effect of liquid content depends on which force is domi-
nant. For coarse particle systems, interparticle frictional
forces are insignificant and so the lubrication effect is

Fig. 11. Stress vs. strain curves for uniaxial compression of liquid bound
powder showing the effect of increasing liquid content in altering be-

Ž w x.haviour from brittle to plastic Source: Holm et al. 89 .

negligible. However, for finer, more broadly sized sam-
ples, the frictional forces dominates and so adding liquid
decreases granule strength.

The critical strain before failure generally increases
Ž w x.with increasing binder content Fig. 11; 75,89 . For satu-

rated, sub-micron particle size, alumina compacts, Franks
w xand Lange 80,90 observed that the failure behaviour

could be altered by adjusting the packing density or the
attractive forces between the particles. High packing densi-
ties and strong attractive forces resulted in brittle be-
haviour, whereas low attractive forces produced assemblies
which flowed plastically.

Hence, there has been a large amount of work done
measuring the mechanical properties of liquid-bound par-
ticulate assemblies. However, the majority of this work has
been performed at relatively slow and invariant strain
rates. In granulation applications, it is the amount of
impact deformation that is critical in determining growth

w xbehaviour 7,79,91–93 . Impact velocities as high as 1
mrs would be typical in many types of equipment. Hence,
dynamic forces may become significant, particularly when
viscous binders are involved. Relatively little work has
been done to measure granule strength at high strain rates,
although it has recently become a topic of interest.

4.1.2. Dynamic strength
The strength of a dynamic pendular liquid bridge be-

tween two spherical surfacesF can be approximatedv
w xusing lubrication theory 94 :

3pmr 2 dhp
F s 4-5Ž .v 2h dt
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where r is the particle radius and 2h is the gap distancep
w xbetween the spheres. Mazzone et al. 95 and Ennis et al.

w x Ž .17 experimentally verified Eq. 4-5 and were the first to
highlight the fact that for viscous binders dynamic bridge
strength could exceed the static bridge strength by several
orders of magnitude under industrially relevant conditions.

w xIn contrast, Harnby et al. 96,97 measured the strength
of pendular water bridges and found that the maximum
bond strengthdecreased as the rate of separation in-
creased. They speculated that at high separation velocities,
the liquid adjacent to the particles does not move apprecia-
bly and hence as the liquid bridge lengthens, the neck
narrows rapidly. For water bridges, where capillary forces
dominate over viscous ones, the decrease in capillary
strength of this narrow bridge neck is more significant than
any increase in viscous strength due to the higher separa-
tion velocity. Hence, it is the relative importance of vis-
cous and surface tension forces which determines the
effect of strain-rate on bridge strength.

w xAdams et al. 98,99 have performed discrete element
Ž .modelling DEM simulations of dynamic granule impacts.

They simulated the collision of agglomerates of several
thousand 60-mm-diameter, elastic spherical particles at
velocities ranging from 0.5 to 5 mrs. Granules were in the
pendular state with liquid of 0.025 Nrm surface tension
and viscosity ranging from 1 to 100 mPa s. The simula-
tions included the effects of normal and shear viscous
forces, friction, capillary forces, liquid bridge rupture and
elastic particle deformation. Over this range of conditions,
they found that coalescence always occurred. Granule
strength was controlled by viscous and interparticle fric-

Žtional energy dissipation, with surface energies capillary
.forces playing only a small role. The relative magnitude

of viscous and frictional effects varied with the collision
velocity. The viscous forces dominated at low collision
velocities where little inter-particle movement occurred,
while both viscous and frictional effects were significant at
higher collision velocities. These simulations emphasise
the important role of viscosity and the fact that the relative
importance of different mechanisms varies with strain rate.

w xIveson and Litster 100 calculated the granule dynamic
yield strength of cylindrical pellets of wet granular mate-
rial by measuring the amount of deformation experienced
during impacts at 1.4 to 2.4 mrs. They found that increas-
ing binder viscosity, decreasing surface tension and de-

Žcreasing particle size all increased the pellet strength Fig.
. Ž .12 . For the viscous binder glycerol , yield stress in-

creased steadily with binder content in the range studied,
whereas for the water-based binders there was some sug-
gestion of a maximum in strength at some critical binder
content. Again, these results suggest that viscous, capillary
and frictional forces can all make major contributions to
dynamic granule strength.

w xFranks and Lange 101 performed uniaxial, uncon-
strained compression tests on saturated, sub-micron alu-
mina particle compacts. In some cases, increasing the

Fig. 12. Effect of binder content on dynamic yield strength for two
different sized ballotini with water, glycerol and NDBS surfactant solu-

Ž w x.tions Source: Iveson and Litster 100 .

strain-rate from 0.5 to 20 mmrmin increased the compact
yield stress by an order of magnitude from 0.01 to 0.1
MPa.

w xBeathe et al. 102 measured the strength of wet powder
compacts at speeds up to 0.15 mrs. For 35mm surface-
mean sized glass ballotini with a range of different binders,
they found that the dimensionless pellet peak flow stress
Ž ) .St ss d rg depended on the ratio of viscous tor peak p LV

capillary forces, characterised described by the capillary
number,Casm´ d rg , wherem is liquid viscosity,´˙ ˙p LV

is the strain rate andd is the surface-mean particle size.p

This relationship is shown in Fig. 13.
Another dynamic effect that may be significant during

wet agglomeration isliquefaction. This occurs when a
saturated particle assembly is vibrated at a frequency
which prevents the pressure in the liquid phase from
dissipating. The liquid phase supports the load and the
stress on the particle matrix drops to zero, allowing the
particles to become mobile. The mass then loses its yield

w xstress and behaves as a liquid. Deysarkar and Turner 103
found that the yield stress and effective viscosity of an
iron-ore paste could be reduced by more than 90% simply

Ž .by applying low frequency 10 to 30 Hz vibrations of
amplitudes of 0.2 to 0.5 mm. This frequency appears to be
within the range that might occur in many typical granula-

w xtors. However, only one author 84 has mentioned lique-
faction’s possible influence on granulation phenomena. It
has yet to be considered in any of the published models or
simulations of granule deformation behaviour.

These results highlight the fact that the yield behaviour
of granules in the dynamic environment inside a granulator
is likely to differ significantly from that measured in low
strain-rate tests.

4.1.3. Granule strength summary
Granule strength is controlled by three forces—

capillary, viscous and frictional. These forces are inter-re-
lated in a complex way and their relative importance can
vary greatly with strain rate and formulation properties.
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Fig. 13. Dimensionless pellet peak flow stress vs. capillary number
Ž w x.Source: Beathe et al. 102 .

Hence, it is important that the mechanical properties of
granules be measured at strain-rates appropriate to the
granulation conditions being studied.

Hence, the traditional models of wet granule strength
which assume static conditions and do not include all three
of the forces involved are fatally flawed. The often quoted

Ž .model of Rumpf, Eq. 4-4 , and most of its extensions all
ignore crack growth and consider only capillary forces.
These models may be suitable for coarse particles held
together by non-viscous binders, but are invalid for gran-
ules composed of fine particles, bound with viscous binders
or stressed at high strain-rates.

Developing models which are capable of predicting the
complex interactions of capillary, viscous and frictional
forces that occur during granule impacts will be a chal-
lenging task, but one that is very important to the advance-
ment of this field. The DEM type simulations appear to be
making some headway in this area, although it remains to
be seen whether they can predict the complex effects of
binder content, liquefaction and other variables such as
particle morphology.

4.2. Granule consolidation

As granules collide with other granules and equipment
surfaces they gradually consolidate. This reduces their size
and porosity, squeezes out entrapped air and may even
squeeze liquid binder to their surface. Porosity controls
granule strength. Granules with high porosity are weak and
friable. These granules will break and generate dust during
handling which is undesirable in most cases. However, for
many products it also desirable that the granules be porous
in order to facilitate fast dispersion and dissolution. Hence,
granule porosity is an important product property to con-
trol and optimise.

Granule porosity is also important in controlling granule
growth mechanisms. In many systems, granules experience
a long period of little growth, variously referred to as the

AnucleiB, Ano growthB, AinductionB or AcompactionB phase
w x6,42,104,105 . If consolidation eventually squeezes liquid
binder to the surface, then rapid coalescence growth may
follow. Consolidation also has a complex effect on the
mechanical properties of granules. Granule yield stress

w xgenerally increases as granule porosity decreases 74 . This
decreases the amount of deformation when two granules
collide which decreases the likelihood of coalescence.
However, consolidation also increases the pore saturation,

w xwhich in turn increases granule plasticity 89 and the
availability of liquid at the granule surface. Both of these
effects will aid coalescence. If granules become fully
saturated, then the frequent impacts they experience may
cause them to liquefy which would further aid coalescence
w x84 . Hence, the net effect of consolidation on granule
growth is uncertain and will probably depend strongly on
the formulation and binder properties.

Several workers have measured granule porosity
changes during batch granulation experiments. Porosity
initially decreases quickly and then levels off to a stable

Ž w x .equilibrium value e.g. Refs. 3,46,106–108 ; Fig. 14 .
This behaviour has been empirically described by an expo-

w xnential decay model 108 :
´y´min

sexp ykN 4-6Ž . Ž .
´ y´0 min

where ´ is the average granule porosity afterN drum
revolutions,´ is the initial average porosity of the feed,0

´ is the minimum porosity reached by the tumblingmin

granules andk is the consolidation rate constant.

4.2.1. Binder content
Binder content has a complex effect on the rate and

extent of consolidation. Increasing the amount of low
Ž .viscosity binders e.g. water has generally been found to

increase both the initial rate and the final extent of granule

Fig. 14. Granule porosity vs. number of drum revolutions for three grades
of glass ballotini granulated with 0.417 mlrml of glycerol. Lines show

Ž . w xthe best fit of Eq. 4-6 108 .
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w xconsolidation 106,108–110 . The additional moisture ap-
Žpears to increase particle mobility by acting as a lubri-

.cant which allows them to re-arrange into more compact
w x w xconfigurations 74,76 . Schæfer et al. 111 also found that

Žincreasing the amount of a viscous binder PEG6000f
.1100 mPa s increased the amount of consolidation in a

w xhigh shear mixer. In contrast, Iveson et al. 108 found that
Ž .increasing the amount of a high viscosity binder glycerol

decreased the rate and extent of consolidation of glass
ballotini in a tumbling drum. This was believed to be
because, in this case, liquid viscous forces dominated over
inter-particle friction forces, and so the increase in viscous
forces when more binder was added was more significant
than any decrease in inter-particle friction.

4.2.2. Binder Õiscosity
Likewise, increasing the viscosity of a binder also

increases the viscous forces between particles and so gen-
w xerally decreases the rate of consolidation 18,41,92,108 .

However, there appears to be a critical value of binder
viscosity below which binder viscosity does not affect the
consolidation rate. This occurred at approximately 10 mPa
s in a laboratory drum granulator and 1000 mPa s in a high

w xshear mixer granulator 39 . Below this critical value, it is
probable that inter-particle friction forces are the dominant
mechanism resisting consolidation. In this region, the more
viscous binders may act as better lubricants by keeping
particle surfaces apart and hence increasing binder viscos-

w xity may actually increase the consolidation rate 112 .

4.2.3. Binder surface tension
The effect of binder surface tension on consolidation

w xhas received relatively little attention. Ritala et al. 112
found that varying binder surface tension from 48 to 68
mNrm did not appear to significantly affect consolidation

w xin a high shear mixer. Iveson and Litster 113 found that
decreasing binder surface tension from 72 to 31 mNrm in
a tumbling drum, increased therate of consolidation, but
decreased theextent of consolidation. Decreasing surface
tension will decrease the capillary pressure holding parti-
cles together, which decreases inter-particle friction. This

w xwill allow particles to re-arrange more easily 110 . How-
ever, lowering surface tension also weakens granules, al-
lowing them to dilate or shear apart more easily.

4.2.4. Particle size
Decreasing average particle size decreases the rate of

w xgranule consolidation 111,113 . Smaller particles increase
the volume density of inter-particle contacts and also
decrease the average pore size through which fluid must be
squeezed during consolidation. Both these factors retard
consolidation. Decreasing particle size also tends to in-
crease the minimum porosity reached due to the greater

w xstrength of the assembly 109,113 . However, the particle
morphology and size distribution will also strongly influ-
ence the minimum porosity reached.

4.2.5. Equipment speed and type
The effect of equipment speed on consolidation is vari-

w xable. Increasing pan rotation speed 110 or mixer impeller
w xspeed 112,114 have both been found by some workers to

increase the rate of granule consolidation. Likewise, use of
a chopper resulted in considerably lower porosity granules

w xin a Lodige high shear mixer 115 . However, Eliasen et al.¨
w x116 found that for low viscosity binders in a high shear
mixer, increasing impeller speed increased the amount of
breakage and shear which delayed densification, resulting
in less-spherical granules with a higher porosity.

When comparing different granulation devices, an in-
crease in process intensity generally increases the amount

w xof consolidation. Sherrington 117 compared coarse sand
Ž .mixtures )70 mm in a drum and paddle mixer and

w xGanderton and Hunter 109 compared 4mm calcium
phosphate powder in a pan andz-blade mixer. In both
these cases, the mixers produced denser granules. How-
ever, for 20mm lactose powder, Ganderton and Hunter
w x109 found that the mixer produced granules with a
higher porosity than the pan. Again, this was speculated to

Žbe because for these weaker granules due to the coarser
.particles , the shear forces in the mixer were sufficient to

cause dilation of the granules.
The effect of equipment size on granule consolidation

will depend on the strength of the formulation and whether
the average impact forces that granules experience increase
or decrease. This will depend on the heuristic used to scale

w x w xup the equipment speed 118 . Schæfer et al. 114 found
that less consolidation occurred during scale-up of high
shear mixers, since there was a lower relative swept vol-
ume.

Whether these effects of equipment type and speed are
due simply to changes in the frequency of collisions or to

Ž .changes in the energy of collisions or both is not always
clear. These two causes can only be distinguished if exper-
iments are run until a stable minimum porosity is clearly

Ž .reached which is rarely done . If the minimum porosity
varies, then this indicates that impact energy is having an
influence. If the minimum porosity is identical in both
cases, then it must only be the frequency of impacts which
is changing the consolidation rate.

4.2.6. Correlation of consolidation with granule strength
All the factors which decrease granule consolidation

rate are the same ones which also increase granule strength.
w xIveson and Litster 113 found a correlation of the form:

kAeyY rB 4-7Ž .
when they compared the dynamic strengthY and consoli-
dation rate constantk of granules made from glass ballo-
tini with water and glycerol binders. If this relationship can
be verified and extended to other systems, then it may
provide a basis for developing methods to a priori predict
granule consolidation behaviour simply by measuring
granule dynamic strength.
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This correlation also indicates that the same three forces
influence granule dynamic strength and consolidation—
capillary and viscous forces in the liquid binder and inter-

w xparticle friction forces 113 . These forces are quite differ-
ent in nature. Capillary forces are conservative—they
always act to pull particles together. Viscous and friction
forces are dissipative, resisting both consolidation and
dilation of the particle assembly. Viscous forces are highly
strain-rate dependent, whereas the other two are probably
less so. These forces are also inter-related in a complex
way. Capillary forces generate the normal forces between
particles which activates inter-particle friction. Increasing
liquid content may simultaneously increase viscous and
capillary forces, but decrease inter-particle friction due to
the lubrication effect.

Ž .Therefore, unless the dominant force s is known in any
given situation, it is impossible,eÕen qualitatiÕely, to
predict the effect of a given change on granule consolida-
tion behaviour. This complexity probably explains the
shortage of theoretical models of the consolidation process.
There are only two available in the literature, neither of

w xwhich included all three forces 18,110 .

4.2.7. Consolidation models
w xOuchiyama and Tanaka 110 assumed granules were

held together by the capillary pressure of the binder. This
pressure generates a normal force activating friction at
inter-particle contacts. They considered how the coordina-
tion number of particles in the granule increased when
forces were applied. They ignored the effects of binder
viscosity and did not consider particle detachment that
might occur due to dilation of the assembly. The granule
consolidation rate was given by:

n3d´ 1y´Ž .
+y 1y 4-8Ž .½ 5dt ´K´

where ´ is the granule porosity at timet, K is the´

dimensionless granule compaction rate which is propor-
tional to the energy of impact and particle size and in-
versely proportional to the interparticle friction and binder
adhesion tension,n is a parameter describing distribution
of granule impact energies andt is the dimensionless
compaction time which is proportional to the frequency of
impacts. Setting d́rdts0, the minimum porosity the

w xsystem reaches,́ , after an infinite time is 92 :min

´ 1min
s 4-9Ž .3 K1y´Ž . ´min

Ž .Eq. 4-8 predicts that the consolidation rate is proportional
to particle size and the energy of granule collisions and
inversely proportional to liquid surface tension. Both of
these trends have been observed experimentally. However,

Ž .Eq. 4-9 predicts that the dimensionless compaction rate
and minimum porosity are linked—if the compaction rate

Žincreases then the minimum porosity will decrease i.e.
.increase the amount of consolidation . This prediction

contradicts the experimental results of Iveson and Litster
w x113 who found thatk and ´ were independent param-min

eters.
w xEnnis et al. 18 considered the effect of binder viscos-

ity on granule consolidation. They predicted that the
amount of consolidation per collision would increase ac-
cording to:

D x
s1yexp ySt 4-10Ž . Ž .vh

whereD x is the reduction in inter-particle gap distanceh
Žand St is the viscous Stokes number 8ru ar9m wherev 0

r is particle density,u is collision velocity, a is particle0
.radius andm is binder viscosity . Hence, increasing binder

viscosity and decreasing particle size should decrease the
rate of consolidation and increasing the impact energy
should increase the rate of consolidation. These trends
have been observed experimentally.

4.2.8. Consolidation summary
In summary then, although there is some understanding

of the effects of different process variables on the rate and
extent of granule consolidation, there are currently no
quantitative models for predicting the rate or extent of
consolidation of a particular formulation under a given set
of operating conditions. Any such model will need to
include the inter-related effects of capillary, viscous and
frictional forces. This means that it is currently impossible
to predict a priori what level of consolidation and liquid
saturation a given formulation will reach. This is an impor-
tant goal to achieve in order to be able to predict a
formulation’s growth behaviour.

4.3. Granule growth

As mentioned previously, the large number of different
growth mechanisms traditionally described in the literature
can all be considered as combinations of coalescence
andror breakage phenomena. In this section, we discuss
granule growth behaviour. This is a rate process, which
may reach a maximum size andror a dynamic equilibrium

Ž .with breakage processes see Section 5 . First, the theoreti-
cal models for predicting granule coalescence are de-
scribed. Then the range of growth behaviours observed in
the literature are summarised, together with a discussion of
the effects of different variables.

4.3.1. Modelling granule growth
There are a large number of theoretical models avail-

able in the literature for predicting whether or not two
Ž .colliding particles will coalesce Table 1 . These models

involve a wide range of different assumptions about the
mechanical properties of the particles and the system
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Table 1
Summary of coalescence models available in the literature

aAuthors Type Comments

w xOuchiyama and Tanaka 91 Class II Distinct compression and separation zones in drum granulator; Plastic deformation;
Adhesive force; Force balance.

w xEnnis et al. 18 Class I Head on collisions; Viscous fluid layer; Coefficient of restitution; Energy balance.
w xMoseley and O’Brien 119 Class I Collisions at an angle; Elastic deformation; Adhesion energy; Energy Balance.

w xSimons et al. 120,121 Class II Capillary bridge rupture energy.
w xAdams et al. 98,99 Class I DEM simulations of agglomerate collisions including friction, viscous and capillary forces,

pendular bridge rupture and particle elastic deformation.
w xSeville et al. 122 Class II Balance between particle contact time and visco-plastic sinter neck growth time.

w xThornton and Ning 123 Class I Head on collisions; Elastic–plastic deformation; Adhesion energy; Energy balance.
w xLiu et al. 124 Class I Head on collisions; Elastic–plastic deformation; Viscous fluid layer; Energy balance.

a w xAccording to classification of Iveson 125 .

characteristics. Some were developed specifically for wet
granulation processes, whereas others were developed for
predicting the onset of sintering or defluidisation in flu-
idised beds or the capture efficiency of air filters.

Two fundamentally different approaches have been
w xtaken to modelling coalescence 125 . Class I models

assume that the granules are free to move and that elastic
properties are important. Initial coalescence only occurs if
the kinetic energy of collision is entirely dissipated—
otherwise the granules will bounce apart. Various combi-
nations of energy dissipation mechanisms are considered
by different workers, including elastic losses, plastic defor-
mation, viscous and capillary forces in the liquid binder

Žand adhesion energies of the contact surfaces see Table
.1 . It is implicitly assumed that if the initial impact results

in coalescence, then none of the subsequent impacts will
be able to break the two granules apart again.

Class II models assume that elastic effects are negligi-
ble during the initial collision, usually because the granules
are plastic in nature andror physically constrained by
surrounding granules. Hence, all colliding granules are in
contact for a finite time, during which a bond develops
between them. However, permanent coalescence only oc-
curs if this bond is strong enough to resist being broken
apart by subsequent collisions or shear forces. The strength
of the bond is assumed to depend on factors such as the
initial amount of plastic deformation and the length of time
the two particles were in contact.

In reality, many systems will involve a combination of
w xboth these factors 125 . The initial collision must be

AsuccessfulB, but the bond formed must also be strong
enough to survive subsequent collisions. This is particu-
larly likely to be an issue in equipment where there are
regions of widely varying process intensity, such as in a
high shear mixer with different chopper and ploughshare

w xspeeds. Iveson 125 proposes a theoretical framework for
combining Class I and Class II models together, but our
ability to do so is restricted by our limited understanding
of the flow patterns, contact times, distribution of impact
forces and bond strengthening processes within granula-
tors. In addition, most of the models consider only head-on,

co-linear collisions. Few consider angular or non co-linear
collisions or shear effects.

Granule growth behaviour depends, among other things,
on the deformability of the colliding granules and the
availability of liquid at or near the granule surfaces to bind
the two granules together. Two classes of collisions can be
identified—those where little or no permanent granule
deformation takes place and those where significant per-
manent plastic deformation occurs. Selected models for
these two cases are now described in more detail.

4.3.1.1. Coalescence of non-deformable granules. In sys-
tems where the impact forces are very small andror the
granules are extremely rigid, relatively little permanent
deformation occurs during granule collisions. Typical ex-
amples would be in a fluidised bed where agitative forces
are relatively gentle, during the initial nucleation stages of
granulation where individual solid particles are first collid-
ing, or during the later stages of granulation when granules
become rigid due to consolidation andror evaporation of
the binder.

In these situations, granule coalescence will only occur
if there is a liquid layer present at the surface of the
particles or granules to bind them together. Ennis et al.
w x18 modelled this situation by considering the impact of
two solid, non-deformable spheres, each of which is sur-

Ž .rounded by a thin viscous binder layer Fig. 15 . Success-

w xFig. 15. Schematic of model used by Ennis et al. 18 .
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ful coalescence was assumed to occur if the kinetic energy
of impact was entirely dissipated by viscous dissipation in
the fluid and elastic losses in the solid phase. Capillary
forces were neglected on the basis that for viscous binders
under dynamic conditions, viscous forces dominated over

w xcapillary forces 95 . During rebound, the liquid bridge
was assumed to rupture at the same distance at which the

Ž .two liquid films first touched i.e. 2h .
The model predicts that collisions will result in coales-

Ž .cence when the viscous Stokes numberSt is less thanv
Ž ) .some critical viscous Stokes numberSt where:v

8r ru
St s 4-11Ž .v 9m

and

1 h
)St s 1q ln 4-12Ž .v ž / ž /e ha

r is the harmonic mean granule radius of the two spheres
Ž .1rrs1rr q1rr , r is the granule density,u is half1 2

the relative velocity of impact,m is the liquid viscosity,e
is the coefficient of restitution,h is the thickness of the
liquid surface layer andh is the characteristic height ofa

Ž .surface asperities Fig. 15 .
St is the ratio of kinetic energy to viscous dissipation.v

During batch granulation,St increases as granules growv

in size. This leads to three stages of granulation. The
non-inertial regime occurs whenSt <St). All collisionsv v

are successful regardless of the size of the colliding gran-
ules. As the granules grow larger, theinertial regime
occurs whenSt fSt). The likelihood of coalescence nowv v

depends on the size of the colliding granules. The har-
monic mean size is biased towards the smaller of the two
colliding granules. Therefore, collisions between two small
or one small and one large granule are more likely to
succeed than collisions between two large granules. Even-
tually, the system enters thecoating regime whenSt 4v

St). Here all collisions between granules are unsuccessful.v

These three regimes of growth have been observed experi-
w xmentally in many granulators 18 .

Strictly speaking, this model is only valid for predicting
the maximum size of granules which can coalesce. It says
nothing about therate of granule growth—this will be a
function of the frequency of collisions between granules.
However, in any granulator, there is no one single granule
collision velocity. Rather there is a range of collision
velocities and hence a range ofSt . Hence, as the averagev

St increases, there is not a sudden transition from growthv

to no growth. Rather the proportion of collisions which
satisfy the criteria ofSt -St) will decrease and hencev v

the observed growth rate will also decrease.
Agglomerate growth is promoted by a lowSt and av

high value ofSt). For instance, increasing binder contentv

will increase the binder layer thickness,h, which will
increaseSt) and hence increase the granulation rate—av

commonly observed behaviour in many systems. Likewise,

since increasing binder viscosity and decreasing impact
Ž Ž ..velocity both reduceSt Eq. 4-11 , it might appear thatv

these two changes will always increase the growth rate.
However, these two variables also indirectly influenceSt).v

Increasing binder viscosity decreases the rate of granule
consolidation. This will reduce the thickness of the liquid
layer squeezed to the granule surface, which inhibits coa-
lescence by decreasingSt). Increasing binder viscosityv

may also alter the granule coefficient of restitution, another
variable in St). Hence, there may be an optimum binderv

w xviscosity for promoting granule growth 120 . A high-
viscosity binder might initially inhibit growth by prevent-
ing liquid being squeezed to a granule’s surface, but once
the liquid is there, the higher binder viscosity will aid
granule growth. Similarly, increasing the impact speed will
increase the rate of consolidation, which increases the
liquid layer thickness, aiding coalescence. Therefore, the
effects of variables such as collision speed and binder
content on granule growth rate will depend on their net

) w xeffect on the ratio ofSt :St 41 . This may be time-de-v v

pendent and will not always be easy to determine before-
hand.

w xThe model of Ennis et al. 18 is significant because it
was the first model to consider dynamic affects such as
viscous dissipation. However, the model is limited by its
many assumptions. It is only valid for non-deformable,
surface wet granules where the viscous forces are much
larger than capillary forces.

4.3.1.2. Coalescence of deformable granules. In other sys-
tems, significant amounts of deformation do occur during
granule collisions. As well as aiding coalescence by dissi-
pating collision energy through plastic deformation, this
deformation also creates an area of contact which helps to
hold the granules together. A number of workers have
developed models for predicting the conditions under which
deformable granules will coalesce.

w xOuchiyama and Tanaka 91 considered surface-dry,
deformable granules in a drum granulator. They assumed
that in the constant-angular-velocity region of the drum, an
axial compressive force acts on each pair of granules. This
deforms the granules and creates a contact zone between
them with a cohesive strength proportional to the area of
contact. In the tumbling region of the drum, each granule
dumbbell is then exposed to pairs of forces perpendicular
to a tangent common to the contacting granules which tend

Ž .to separate the granules Fig. 16 . The compressive forces
were assumed to be independent of granule size whereas
the tangential separating forces were assumed to be pro-
portional to the volumes of the granules in contact.

Using these assumptions they predicted the probability
Ž .P of two granules of sizeD and D coalescing in terms1 2

of a characteristic limiting size,D). This relationship for
) w xD was simplified 126 to:

a
) 3r2D sA K s 4-13Ž .Ž .1 st
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Fig. 16. Ouchiyama and Tanaka’s model of coalescence between two
granules of sizeD and D which form an area of contact,S, in the1 2

constant-angular-velocity region and then are exposed to a pair of forces,
w xF and F , in the tumbling region of the drum 91 .1 2

where A and a are constants independent of granule size1

for a given system,K is a measure of the granule de-
formability ands is the tensile strength of the bond areast

formed between the granules.
w x Ž .Kristensen et al. 79 further simplified Eq. 4-13 by

assuming that the inter-granule bond strength was equal to
the tensile strength of the granules. For small deformations
of plastic spherical granules, they obtained:

l3
cr2ra

)D sA 4-14Ž . Ž .3
scr

Ž .where A is a constant,l is the critical strain s l rD3 cr c

at failure with critical stress,s .cr

This equation predicts that granules will coalesce more
easily when they have a low critical stress and large
critical strain. During granulation, consolidation increases
granule strength which reduces their tendency to coalesce.
However, consolidation also forces excess liquid to the
granule surface. At a certain stage of the process, this
growing liquid saturation and free surface liquid increases
surface deformability sufficiently to overcome the effect of

w xincreasing granule strength. Kristensen et al. 79 used this
equation to draw a regime map of granulation in terms of
the critical stress and strain of the binder-particle mixture.
Growth rate would increase as a formulation shifted from
being high critical stress and low critical strain to low
stress and high strain.

This model is restricted to deformable granules with no
surface liquid layer. The biggest obstacle to applying this
model is the uncertainty of the bond strength term,s .st

This will be a complex function of the particle and liquid
properties and the amount of re-arrangement which occurs
during impact. It is certainly not equal to the bulk tensile

Žstrength of the granules as assumed by Kristensen et al.
w x.79 since a newly formed granule dumbbell can be easily
broken across this surface. Some preliminary experimental
measurements of how bond strength develops between two

w xgranule surfaces have begun 127 but much more research
is required in this area.

An alternative model for coalescence of deformable
w xgranules is that of Liu et al. 124 who extended the Ennis

model to include the effect of plastic deformation of the
granules. Granules were assumed to have a strain-rate

Ž .independent elastic modulusE and plastic yield stress
Ž .Y . They considered two cases: surface wet granulesd
Ž .Fig. 17 and also surface dry granules where liquid is
squeezed to the granule surfaces by the impact.

Coalescence is assumed to occur when the kinetic en-
ergy of impact is all dissipated through viscous dissipation
in the liquid layer and plastic deformation of the granule

Fig. 17. Schematic diagram of the model used to predict coalescence of
Ž . Ž .surface wet, deformable granules. a Approach stage. b Deformation

Ž . Ž . w xstage. c Initial separation stage. d Final separation stage 124 .



( )S.M. IÕeson et al.rPowder Technology 117 2001 3–39 23

bulk. The model gives the conditions for two types of
coalescence, termed type I and type II. Type I coalescence
occurs when granules coalesce by viscous dissipation in
the surface liquid layer before their surfaces touch. Type II
coalescence occurs when granules are slowed to a halt
during rebound, after their surface have made contact. The
critical condition for Type II coalescence is given by the
following result:

1r2Yd y9r8StŽ .def
)ž /E

2 5r4˜0.172 D 1 h0
- 1y ln ž /ž /St h St hv 0 v a

=

2 2h 2h h 2h h0 0 0 0 0
y1 q y1 q lnY2 2Yž / ž /ž / d h hh dŽ .a aa

=
Yd y1r41y7.36 StŽ .def
)ž /E

=

2y1r2
1 h0

1y ln 4-15Ž .ž /ž /St hv a

Ž .where St is the viscous Stokes number, Eq. 4-11 andv

St is the Stokes deformation number:def

mu2˜ 0
St s 4-16Ž .def 3˜2D Yd

D̃ and m are the harmonic mean granule diameter and˜
mass, respectively andd Y is the extent of permanent
plastic deformation given by:

1r28 1 h01r2Y ˜d s St D 1y lnŽ .defž / ž /3p St hv a

=
Yd y1r41y7.36 StŽ .def
)ž /E

=

y1r2
1 h0

1y ln 4-17Ž .ž /ž /St hv a

St is the ratio of impact kinetic energy to plastic defor-def

mation in the granule matrix i.e. this number indicates the
amount of plastic deformation expected if there were no
liquid layer at the surface. An equivalent Stokes deforma-

w xtion number was derived by Irfan-Khan and Tardos 45
for predicting the maximum size of granules which can

Ž .survive in a shear field see Section 5 .
The predictions of this model are shown in Fig. 18. For

surface-wet granules, the model predicts that at lowSt ,def

the likelihood of coalescence depends only on the critical

Fig. 18. St vs. St showing regions of rebound and coalescence forv def
Ž w x.surface wet deformable granules Source: Liu et al. 124 .

Stokes number,St) , as per the original model of Ennis etvis
w xal. 18 . In this region the collisions are all fully elastic.

However, asSt increases, the coalescence region ex-def

tends over a wider range ofSt . This is because perma-vis

nent granule deformation occurs which aids coalescence in
Ž .two ways: i it dissipates some of the impact energy, and

Ž .ii it creates a flat surface between the two granules which
creates a greater viscous dissipation force during rebound.

w xUnlike the model of Ennis et al. 18 , this model predicts
that when plastic deformation is significant, increasing
impact velocity may actually improve the likelihood of
coalescence by shifting a system from the rebound region
back into the coalescence region.

w xFig. 19 shows the predictions of Liu et al. 124 for the
case where the granules are initially surface dry. A liquid
layer of either constant thicknessh or variable thickness0

d
Y is assumed to be squeezed into the contact zone by the

impact deformation. In the lowSt region, no permanentdef

plastic deformation occurs. Hence, no liquid binder is
squeezed to the surface to prevent granule rebound. Above
a critical value of St , the probability of coalescencedef

becomes a function ofSt and St in a similar way tovis def

the surface-wet case.
Although an improvement on the model of Ennis et al.

w x18 this model still suffers many of the same limitations.
Capillary forces have been neglected. No account has been
taken of any additional bond strength term due to particle
interlocking between the two granule surfaces. The as-
sumptions in the model are limited to cases where the
amount of deformation is small. At higher deformations,
there is also the possibility that granules may break during

Ž .collisions Section 5 .

4.3.2. Granule growth behaÕiour
The evolution of the granule size distribution during

granulation is usually reported by plotting average granule
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w xFig. 19. Coalescence criteria for collision of surface dry granules 124 .

Ž . Žsize usually mass-mean or mass-median vs. time e.g.
.Fig. 20 . These plots show a number of characteristic
w xregions 42,93,128 :

v Nucleation during which nuclei agglomerates are first
Ž .formed as the liquid binder is added Section 3 .

v ŽInduction period also known as theAnuclei regionB
.or Acompaction stageB during which the nuclei ag-

glomerates are consolidated but do not grow substan-
tially.

v Ž .Coalescence growth or the transition region occurs
if granules are sufficiently deformable to coalesce
without the presence of surface liquid or else when
the agglomerates have consolidated sufficiently to
squeeze moisture to the surface.

v Then there may be a final slowball growth region
where growth occurs slowly by a combination of
crushing and layering, abrasion transfer or coales-
cence. A maximum granule size may or may not be
reached.

v Breakage and attrition may follow in systems where
Žthe granules dry out and become weakened Section

.5 .

There is not always a clear demarcation between these
regions. Moist coarse feed may quickly densify and pass
rapidly through the nucleation, induction and transition
regions. Fine ground powders usually show all of the first

w xfour regions quite clearly 6 . These behaviours have been
observed in a range of granulation equipment types includ-
ing fluidised beds, drums and high-shear mixers.

It should be noted, that although widely used, these
plots do not fully describe granule growth behaviour. The
average size conceals the shape of the size distribution
which may be important if the binder has been poorly

Ž .distributed see Fig. 4 . These plots also do not reveal the
underlying growth mechanisms. These subtleties can only
be revealed by examining the full granule size distributions

w xand through the use of tracer studies 78,120 .
ŽFor closely sized materials, the growth rate rate of

.increase of average granule size has been found to be

w xmore or less constant with time 3,4 . However, for more
broadly sized materials the growth rate increases as the
system moves from the nucleation region through the

w xtransition region, before dropping off again 129 . This was
speculated to be because for broadly sized particles the
increasing appearance of water at the granule surface due
to consolidation dominates the decrease in granule de-
formability.

w xKapur and Fuerstenau 128 found that in the ball-growth
region, growth occurred by the coalescence and abrasion-
transfer mechanisms. They used relatively fine-sized lime-

w xstone powders. However, Capes and Danckwerts 4 found
that in the ball-growth region, granules grew by the crush-
ing and layering mechanism. They used coarse, narrowly

w xsized sands in their work. Linkson et al. 78 explained
these different findings by proposing that small, broadly

Žsized particles promoted growth by coalescence since
.these granules are too strong to be crushed and that

narrowly sized, coarse particles grew by crushing and
Ž .layering since these granules are relatively weak .

w x4.3.2.1. Granule growth regimes. Iveson and Litster 93
proposed that there are two broad categories of granule
growth behaviour:steady growth systems where granule
size increases linearly with time andinduction growth
systems where there is a delay period during which little

Ž .growth occurs cf. Figs. 20 and 22 . These two classes of
behaviour have been observed in both tumbling drum

w xgranulators and high shear mixers 42,78 .
Steady growth occurs in systems with weak, deformable

Ž .granules low strength andror high impact forces . Gran-
ules grow by either the crushing and layering mechanism
or else they deform, creating a large contact area during
impact which promotes coalescence. Steady growth is
generally exhibited by relatively coarse, narrowly sized
particles with low viscosity binders.

Fig. 20. Effect of liquid content on the growth behaviour of sodium
sulphate and cellulose mixtures during batch granulation in a Lodige high¨

Ž . Ž .shear mixer: 1 Nucleation only; 2–4 Induction time followed by rapid
Ž . Žgrowth; 5 rapid growth followed by breakage Source: Hoornaert et al.

w x.42 .
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Induction growth occurs in systems which are relatively
strong. The granules do not deform sufficiently during
impact to coalescence without the presence of liquid at the
surface. Hence, after the initial nuclei form, there is a
delay period during which little growth occurs. If the
granules consolidate sufficiently to squeeze liquid to the
surface, then they will begin to grow quickly until a
critical size is reached, above which the torque experi-
enced by dumbbell pairs becomes too large for further
coalescence growth. Induction growth is generally seen in
systems with fine, widely sized particles andror viscous
binders. Induction growth has not been reported in flu-
idised beds, probably because the impact forces are too
low to cause significant granule consolidation.

w xIveson and Litster 93 postulated that the type of
granule growth behaviour which a system exhibits is a
function of only two basic parameters: the maximum pore
liquid saturation and the amount of granule deformation
during impact. Granule pore liquid saturation will vary
during batch granulation as the granules consolidate and
any soluble components gradually dissolve. Therefore, they

Ž .used the maximum granule pore saturations as themax

measure of liquid content:

wr 1y´Ž .s min
s s 4-18Ž .max

r ´l min

where w is the mass ratio of liquid to solid,r is thes

density of the solid particles,r is the liquid density andl

´ is the minimum porosity the formulation reaches formin

that particular set of operating conditions. The liquid satu-
ration term must include any extra liquid volume due to
solids dissolution, but should not include liquid which is
absorbed into porous particles.

The typical amount of deformation during impact was
characterised by a Stokes deformation number:

r U 2
g c

St s 4-19Ž .def 2Yg

where U is the representative collision velocity in thec

granulator andr and Y are the granule density andg g

dynamic yield stress, respectively. BothY and r willg g

vary with the formulation properties and granule porosity
and should be measured at the characteristic porosity

Ž Ž ..reached by the granules in the granulator,´ Eq. 4-6 .min

The Stokes deformation number is a measure of the ratio
of impact kinetic energy to the plastic energy absorbed per
unit strain. It takes into account both the process agitation
intensity and the granule mechanical properties.

The type of granule growth behaviour as a function of
Ž .s and St was plotted on a regime map Fig. 21 .max def

Steady and induction growth have already been discussed.
Nucleation only growth occurs when granule nuclei form,
but there is insufficient binder to promote further growth
w x24,117 .Crumb behaÕiour occurs when the formulation is

ŽFig. 21. Granule growth regime map Adapted from Iveson and Litster
w x.93 .

too weak to form permanent granules, but instead forms a
loose crumb material which cushions a few larger granules

w xwhich are constantly breaking and reforming 4 .OÕerwet-
ting occurs when excess binder has been added and the
system forms an oversaturated slush or slurry.

Preliminary verification of this regime map was per-
formed using drum granulation data for the granulation of
sands with water and ethanol solutions, and glass ballotini
with water and glycerol solutions. It was also used to
explain the many observed effects of parameters such as
binder content, particle size, and binder viscosity and
surface tension which have been observed in the literature
Ž .Section 4.3.2.2 .

However, although it is successful at qualitatively ex-
plaining the observed effects of different parameters, this
regime map requires further experimental validation with a
range of materials under different granulation conditions in
order to quantitatively locate the various regime bound-
aries. It is also currently limited to being adescriptiÕe
tool, not a predictiÕe one. This is because the two parame-
ters, s and St , require a priori knowledge of themax def

Ž .maximum extent of consolidatioń since this affectsmin

granule yield stress and pore saturation. Another signifi-
cant shortcoming is the very simplistic rheological model
used to describe the mechanical properties of the granules.
It is assumed that the granules are rigid-plastic materials.
Wet granular materials are actually complex visco-
elastic–plastic materials with strain-rate and history depen-
dent behaviour. Subsequent work suggests that binder
viscosity needs to be included as a third independent
parameter on the map and also highlights the great diffi-
culty of comparing different types of equipment because of
the uncertainty of the correct characteristic impact velocity
w x130 .

4.3.2.2. Effects of different parameters on granule growth
behaÕiour

Binder content. Increasing binder content increases a
formulation’s maximum pore saturation which shifts it to
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the right on the granule growth regime map, from nucle-
ation through one of the two growth types and eventually

Ž .to a slurry Fig. 21 . In steady growth systems, the granule
growth rate increases rapidly with increasing binder con-

w x Ž .tent 3,79,111,128,131 Fig. 22 . This is because moist
Žgranules tend to be more easily deformable due to re-

.duced inter-particle forces , have lower coefficients of
restitution and have more binder available at their surfaces,

Ž . Ž .all of which aid coalescence growth, Eqs. 4-10 , 4-11
Ž . w xand 4-15 . Ritala et al. 132 showed that it was the pore

saturation which was the critical factor—the growth curves
for dicalcium phosphate with a wide range of different
binders all collapse onto one curve when plotted against

Ž .granule pore saturation Fig. 23 .
Increasing the liquid content reduces the amount of

consolidation required for granules to become saturated
Žand usually also increases the rate of consolidation Sec-

.tion 4.2 . Hence, in induction type systems, increasing the
binder content usually decreases the length of the induc-

Ž w x.tion period e.g. Fig. 20; 42,49 . The increase in binder
content will also usually increase the final equilibrium size
reached.

Particle size. Decreasing particle size increases granule
yield strength, which moves a formulation downwards on
the growth regime map from crumb, to steady growth to

Ž w x.induction growth behaviour Fig. 21; 93 . Above a criti-
cal particle size, wet powder masses become too weak to
form granules and instead form a loose crumb material.
The critical particle size depends on the binder surface

w x w xtension 4 , viscosity 79 and presumably also on the
particle size distribution, morphology and surface rough-
ness.

Below this critical size, granules made from relatively
large andror mono-dispersed particles tend to grow more

w xquickly 4,79 . This is because large, narrowly sized parti-
cles produce weak, deformable granules with low coeffi-
cients of restitution. This aids coalescence growth, Eq.
Ž . Ž .4-11 and 4-15 . In addition, weak granules also break
apart more easily, enabling continued growth by a com-
bined crushing and layering mechanism.

Fig. 22. Granule size vs. number of drum revolutions for the drum
Žgranulation of 67mm silica sand with varying moisture contents Source:

w x.Newitt and Conway Jones 3 .

Fig. 23. Mean granule size vs. pore saturation for calcium hydrogen
phosphate with a range of different binders in a 25-l high shear mixer
Ž w x.Source: Ritala et al. 132 .

Granules made of fine or wide-size distributions are
stronger and less deformable and so tend to grow more

w xslowly and reach a smaller maximum size 133 . As parti-
cle size becomes even smaller, granules become so strong
that they do not deform sufficiently to coalesce unless
there is already binder present at their surface. These
formulations have an induction period during which suffi-
cient consolidation must take place to squeeze binder to
the surface. Hence, decreasing particle size can shift a

w xsystem from steady to induction growth 78,93 .
Binder surface tension. Decreasing binder surface ten-

w xsion lowers a formulation’s dynamic yield strength 100
which increasesSt . This should shift its behaviour up-def

wards from induction, through steady growth, to the crumb
Ž .region on the growth regime map Fig. 21 . Systems with

low-surface tension binders behave similarly to larger
w xmono-sized particles 4 . Lowering binder surface tension

reduced the maximum granule size and results in crushing
and layering growth with a large amount ofAcrumbB
material present at any time which cushions the surviving

w xlarger granules. Capes and Danckwerts 4 found that
granules would only develop if the ratio of surface tension

Ž . Žto particle size g rd was greater than 0.46 mNr mLV p
.mm . Otherwise, only a weakAcrumbB would form which

Ž .constantly broke apart Fig. 24 . This ratio is proportional
to the granule tensile strength predicted by the theory of

Ž .Rumpf, Eq. 4-4 , which suggests that there is a minimum
strength needed for granules to form and survive.
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Fig. 24. Binder surface tension vs. particle diameter for drum granulation
of sands with water–ethanol solutions showing systems that did and did

Ž w x.not granulate satisfactorily Source: Capes and Danckwerts 4 .

Reducing binder surface tension will make granules
Ž .weaker and more easily deformable Section 4.1 . Accord-

Ž .ing to Eq. 4-15 , this should make coalescence easier and
hence increase the granule growth rate. However, lowering
binder surface tension will reduce the strength of the bond
formed between the two colliding granules, which will
decrease the likelihood of permanent coalescence, but this

Ž .is not considered in Eq. 4-15 which only accounts for
viscous effects. Therefore, it is unclear what the effect of
surface tension will be on the granule growth rate, al-
though it is expected that the maximum equilibrium size of
granules will be reduced if surface tension is lowered.

w xUnfortunately, Capes and Danckwerts 4 did not report
whether or not altering the binder surface tension affected
the growth rates or maximum size of the systems they
studied. Few other workers have systematically studied the

w xeffects of varying binder surface tension. Ritala et al. 112
studied five different binder solutions in a 25-l high shear
mixer. Kollidon 90, which had a significantly higher sur-

Žface tension than the other four solutions 67 vs. 46–54
.mNrm , did not have any significant difference in growth

behaviour, although it did cause a much higher mixer
power consumption.

Binder Õiscosity. Binder viscosity influences three of
the key rate process involved in granulation: binder disper-
sion, consolidation and growth. Hence, changes in viscos-
ity can cause varied responses in different systems, since
viscosity has different effects on each mechanism.

Increasing binder viscosity generally inhibits binder
atomisation and dispersion. Hence, a viscous binder will

w xoften form larger initial nuclei 42 and may take longer to
disperse uniformly through the powder. This will delay the

w xonset of uniform growth 41 . A more detailed discussion
of viscous effects on nucleation behaviour is given in
Section 3.

For large particle systems, there is a critical minimum
viscosity required to form granules of sufficient strength to

Ž . w xsurvive the process Fig. 25 . Kenningley et al. 92 devel-

oped a simple model to predict the critical ratio of viscos-
ity to particle size by equating the kinetic energy of impact
to the energy absorbed by plastic deformation of granules
and assuming a maximum strain above which the granules
would break. As particle size increases, the critical mini-
mum viscosity required to form granules also increases
Ž Ž ..Eq. 5-4 . Details of this model are given in Section 5 on
breakage and attrition.

Increasing binder viscosity reduces granule consolida-
Žtion rate and increases granule strength Sections 4.1 and

.4.2 . This reduces the pore saturation and area of contact
formed during collisions, both of which inhibit granule

Ž . Ž .growth, Eqs. 4-11 and 4-15 . However, once a viscous
binder reaches the surface, it is more effective at dissipat-
ing the kinetic energy of collision, and hence promotes

Ž . Ž .coalescence, Eqs. 4-10 and 4-15 . Hence, low viscosity
binders may promote faster initial growth, but once a
viscous binder is squeezed to the surface, it will promote

w xthe fastest long-term growth 41 . If binder viscosity is too
high, then it may prevent liquid binder ever being squeezed
to the surface.

Therefore, in many systems there may be an optimum
w xbinder viscosity for promoting granule growth 14,120 .

This has been observed in drum granulation experiments
w xwith glass ballotini and silicone oils. Simons et al. 120

used 40–92mm glass ballotini and found the initial equi-
librium nuclei size was a maximum at 100 cS. Higher and
lower viscosities both gave smaller nuclei. These experi-
ments were stopped after 400 revolutions, so whether or
not sufficient binder would ever have been squeezed to the
surface to promote rapid growth is unknown. Knight and

w xSeville 39 granulated 90–180mm glass ballotini. These
systems displayed steady growth behaviour, with the fastest
initial growth rate occurring at a viscosity of 100 mPa s.
Higher and lower viscosities both gave lower growth rates.

Below this optimum viscosity, increasing binder viscos-
Ž .ity increases the granule growth rate, Eq. 4-10 . Adetayo

w xet al. 134 found such a correlation between growth rate
and binder viscosity for various fertiliser formulations with
solution viscosities varying between 3.4 and 8.5 cP in a

Fig. 25. Binder viscosity vs. median particle size showing regions in
which granules did and did not form for agglomeration of glass ballotini
with silicone oils in a high shear mixer. Line shows prediction of Eq.
Ž . Ž w x.5-4 Source: Kenningley et al. 92 .
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tumbling drum. In fluidised-bed granulation, Ennis et al.
w x18 found that increasing binder viscosity from 0.036 to
0.17 Pa s increased the final granule size, although the
initial rate of granule growth remained the same. In high
shear mixer granulation increasing binder viscosity from
0.0034 to 0.009 Pa s has been observed to increase both

w xthe rate and extent of granule growth 135 . Ritala et al.
w x112 observed an increase in growth rate when they
increased the concentration of the binder solution for four
of the five binders they tested. During melt granulation in

w xhigh shear mixers, Schæfer and Mathiesen 41 found that
for binder viscosities above about 1000 mPa s,Auncon-
trolledB granule growth occurred unless compensated for
by increasing the impeller speed to increase the breakage
rate.

However, above the optimum viscosity, the effect of
binder viscosity on granule deformability become domi-

Ž .nate and granule growth is inhibited, Eq. 4-10 . For
w xinstance, Hoornaert et al. 136 noted that increasing binder

viscosity from 3.9 to 9.3 mPa s increased the initial stable
nuclei size and the final size after the induction growth
period. However, in later work they found that increasing
the binder viscosity further to 16.4 and 22.0 mPa s reduced

w xthe final extent of granule growth 42 .
These varied observations suggest that the value of the

optimum viscosity is highly system dependent. It is likely
to depend on the morphology and size of the particles and
the type and speed of the granulator.

w xIveson and Litster 93 found that binder viscosity also
influenced the type of granule growth. During the drum
granulation of glass ballotini with water and glycerol
solutions, increasing binder viscosity shifted the growth
behaviour from steady to induction growth. This occurs
because increasing binder viscosity increases granule yield
strength, decreasingSt , which shifts a formulationdef

Ž .downwards on the granule growth regime map Fig. 21 .
Equipment speed and type. Equipment operating speed

has a complex effect on granulation behaviour because it
alters both the frequency and energy of collisions between
granules. Hence, it can directly affect both the kinetics and
extent of granule growth. It can also change the properties
of the granules themselves by altering the rate and extent
of consolidation, which affects granule pore saturation. At
high impeller speeds the temperature of the wet mass is
increased, which increases granule deformability by lower-
ing binder viscosity, and also increases the rate of binder

w xevaporation 116 . All these effects are confounded, and
hence often confused in the literature when results are
discussed.

Ž .According to Eq. 4-6 , for non-deformable, surface-wet
granules, increasing impact speed should decrease the rate
and extent of granule growth. This has been observed in

w xfluidised bed granulators. Nienow and Rowe 137 found
Ž .that increasing the excess gas velocityUyU caused amf

large decrease in the final equilibrium granule size. Several
studies also show an increase in impeller speed reduces the

final granule mean size in high shear mixers or agitated
w xfluidised beds 138–140 . However, care must be taken not

to confuse growth and breakage phenomena. Ramaker et
w xal. 140 showed that the decrease in granule size with

increasing impeller speed was a reversible process. Experi-
ments with coloured tracers showed that the equilibrium

Žwas a dynamic one between coalescence and breakage see
.Section 5 .

Ž .For deformable, surface-dry granules, Eq. 4-10 pre-
dicts that increasing impact speed will increase the rate of
granule growth due to the increased area of contact formed.
This has been observed for increases in drum rotation

w xspeed 3 and increasing mixer impeller speed
w x111,114,131 . However, these results must also be inter-
preted carefully, since the frequency of collisions has also

w xincreased. When Newitt and Conway-Jones 3 compared
their drum granulation results on the basis of the number
of drum revolutions, the results collapsed onto one curve.
Similarly, the high shear mixer results of Schæfer et al.
w x64 all collapse onto one curve when compared on the

w xbasis of the number of impeller revolutions 118 . How-
ever, in other cases even when growth rates are compared
on the basis of number of impeller revolutions, the higher

w ximpeller speed still gave higher growth rates 131 . In later
w xwork, Knight et al. 138 showed that there was an upper

limit to this effect, beyond which the increasing promi-
nence of breakage acted to reduce the overall growth rate
as the impeller speed was further increased.

Hence, provided that breakage does not occur, increas-
ing the equipment speed generally increases the rate of

Ž .granule consolidation Section 4.2 . Hence, in induction
growth systems, increasing equipment speed should reduce
the length of the induction period. There is some sugges-
tion of this effect in the high-shear melt granulation results

w xof Schæfer et al. 64 , but since impeller speed also affects
the temperature, and hence viscosity of the binder, these

w xresults are inconclusive. Interestingly, Menon 141 found
that the ploughshare speed had no effect on the induction
time of a Na SO formulation in a horizontal Lodige¨2 4

mixer, which is unexpected.
In high shear mixers, the relative importance of the

main impeller and the chopper appear to be strongly
dependent on mixer geometry and formulation properties.

w xKnight 131 found that the speed of a chopper with
Aknife-likeB blades had no effect on the granule growth
rate in a vertical shaft mixer, although it did reduce the

w xnumber of large granules. However, Hoornaert et al. 42
found that turning off theAChristmas treeB chopper in a
horizontal shaft mixer caused granule growth to stop. This
formulation was one which displayed induction growth
behaviour and the chopper was thought to be necessary to
compact the granules sufficiently to trigger growth.

4.4. Granule growth conclusions

In conclusion, we now have a good understanding of
the mechanisms which control granule growth and the
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effect of process variables on these mechanisms. There are
also a range of coalescence models available for making
quantitative predictions about the maximum granule size
attainable and the effect of process or formulation changes
on granule growth behaviour.

However, none of these models are currently in use
industrially to predict or control granulation processes. The
reason for this is our lack of knowledge of the various
parameters in the models. These models all require a

Žknowledge of the dynamic mechanical properties e.g.
coefficient of restitution, yield stress, elastic modulus,

.critical strain of liquid-bound granular assemblies. Hence,
there is a need to develop standard experimental tech-
niques for measuring these valuesat the strain rates of
interest. This is challenging because of the intermediate
range of strain rates involved. Typical granule impact
velocities are of the order of 1 mrs. Most commercial load
frames will not achieve strain rates this high. However,
impact devices such as swinging pendulums and gas guns,
are usually designed for much higher strain rates.

Another challenge is to develop models to predict the
mechanical properties at different strain rates based on the

Žformulation properties particle size distribution, liquid
.surface tension and viscosity, granule porosity, etc. . This

modelling task will be difficult because of the three forces
involved—capillary and viscous forces in the liquid phase
and friction forces at interparticle contacts—which are
inter-related in a complex way. Such models will need to
account for dynamic effects such as liquefaction which
may become important in many granulation processes.
DEM simulations have made some progress in this direc-
tion, although much further work is required.

A second problem in applying theoretically developed
models of coalescence is that we do not have a good
understanding of the frequency and velocity of impacts
that granules experience in typical granulators. Coales-
cence models only tell us whether or not a collision of a
given energy will result in coalescence. The actual rate of
growth will depend on thefrequency of such collisions.
This is a particular problem during scale-up or when
comparing two different designs of granulators.

Impact velocity has traditionally been estimated by a
Žsingle, order of magnitude estimate such as impeller

.tip-speed in mixers orUyU in fluidised beds . How-mf

ever, these estimates are crude at best, and fail to capture
the fact that a range of impact conditions occur in any
device. The controlling parameter may vary with design
and operating conditions, such as in high shear mixers
where the impeller and chopper speeds have been found to
have different effects by different workers.

Hence, now that a theoretical framework is available to
sensibly predict and control granule growth behaviour,
experimenters need to measure the parameters needed to
use these models. It is no longer sufficient to report only
the particle size distribution and granule growth curves.
Measurements of the mechanical properties of the com-

pacts must be made and the granulator processing condi-
tions characterised. In addition, since consolidation and
growth are both rate processes which eventually reach an
equilibrium, it is important that experimenters continue
experiments until equilibrium is reached. Otherwise, it is
difficult to distinguish between kinetic and equilibrium
effects.

5. Breakage and attrition

In reviewing granule breakage, there are really two
separate phenomena to consider:

1. Breakage ofwet granules in the granulator; and
2. Attrition or fracture ofdried granules in the granula-

tor, drier or in subsequent handling.

Breakage of wet granules will influence and may con-
trol the final granule size distribution, especially in high
shear granulators. In some circumstances, breakage can be
used to limit the maximum granule size or to help dis-
tribute a viscous binder. On the other hand, attrition of dry
granules leads to the generation of dusty fines. As the aim
of most granulation processes is to remove fines, this is
generally a disastrous situation to be avoided.

5.1. Breakage of wet granules

5.1.1. Experimental obserÕations
Few investigators have described or studied wet granule

breakage in granulation processes. Some preferential
growth mechanisms in tumbling granulation may involve

Žattrition or breakage of weak granules crushing and layer-
. w xing, abrasion transfer 142 . However, breakage is much

more likely in higher intensity mixer and hybrid granula-
tors. The limited work on wet granule breakage focuses on
these types of equipment.

Several studies show an increase in agitation intensity
Ž .increased impeller speed reduces the final granule mean

w xsize in granulation experiments 138,139,143 . For exam-
ple, Fig. 26 shows how the median granule size from three
scales of agitated fluid bed granulator decreases with
increasing agitator tip speed. However, reduction in prod-
uct size with increased agitation could also be explained
by a reduction in the maximum granule size for coales-

Ž Ž ..cence Eq. 4-6 . Therefore, changes to granule size distri-
bution, on their own, are insufficient evidence for wet
granule breakage as a key mechanism for controlling
granule properties.

Nevertheless, wet granule breakage has been identified
clearly in high shear mixer experiments by other means.

w x w xRamaker et al. 35,140 and Pearson et al. 144 have used
coloured tracer granules or liquid to identify breakage of
wet granules. Pearson et al. added narrow size fractions of
well-formed tracer granules part way through a batch high
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Fig. 26. Effect of impeller speed on median particle sizeD in three50
Ž w x.agitated fluid bed granulators Source: Tardos et al. 25 .U is impelleri

tip speed,U is fluidisation velocity, andD is the D intercept atf o 50
Žxs1. Fluid bed diameter in mm indicated by model number i.e. NQ-125

.is 125 mm diameter .

shear granulation. Some of the tracer granules were bro-
ken, leaving coloured tracer fragments in smaller granule

Ž .size fractions. Large tracer granules) 1 mm were more
Ž .likely to be broken than smaller granules Fig. 27 . Knight

w xet al. 138 showed mean granule size decreased after
impeller speed was suddenly increased part way through a
batch high shear mixer experiment. This was attributed to
granule breakage.

Ramaker et al. added a coloured liquid at the start of the
granulation process and observed the dispersion of the dye
through a process ofAdestructive nucleationB where loosely
bonded nuclei are broken down into smaller fragments via

Ž .attrition or fragmentation Fig. 28 . The initial weak nuclei

Fig. 27. Breakage of tracer granules in high shear mixers: Effect of tracer
Žgranule size on mass fraction of unbroken granules Source: Pearson et al.

w x.144 .

Fig. 28. The destructive nucleation mechanism proposed by Vonk et al.
w x35 .

Ž .were quite large in these experiments 5 mm diameter .
We can view this process as simply a subset of breakage
processes in the granulator. In fact, all binder distribution

Ž .in the Amechanical dispersion regimeB Fig. 7 is essen-
tially a breakage process and should be treated as such.

In summary, wet granule breakage is potentially an
important process affecting binder distribution and granule
size in high intensity processes. Therefore it is important to
establish the conditions under which breakage will occur.

5.1.2. Predicting conditions for breakage
There is very little quantitative theory or modelling

available to predict conditions for breakage, or the effect
of formulation properties on wet granule breakage. Tardos

w x w xet al. 25 and Kenningley et al. 92 present the only two
serious attempts to predict conditions for breakage of wet

w xagglomerates. Tardos et al. 25 consider granules will
deform and break in shear fields if there is sufficient
externally applied kinetic energy. This analysis leads to a
Stokes deformation number criteria for breakage:

St )St) 5-1Ž .def def

where

m U 2
p o

St s 5-2Ž .def 2V t yŽ .˙p
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There are strong analogies to the development of the
Stokes deformation number for granule deformation and

Ž Ž ..growth Section 4.3, Eq. 4-13 . Tardos et al. propose a
more general characteristic stress than the dynamic yield

Ž .stress in Eq. 4-13 . They postulate the granule will behave
under shear as a Herchel–Buckley fluid i.e.

t g st qkg n 5-3Ž . Ž .˙ ˙y y

Two simplifications were considered, neglecting either the
Ž Ž . . Ž Ž .apparent viscosityt g st or the yield stresst g s˙ ˙y y y

n.kg . In either case, the model predicts granules above a˙
maximum size will break and that this size decreases with
increasing shear rate.

w xTardos et al. 25,45 measured granule deformation and
break up under shear in a novel constant shear fluidised
bed granulator. Granules first elongated under shear and

Ž .then broke at a Stokes deformation number, Eq. 5-2 , of
approximately 0.2.

There are some limitations to this work. In mixer
granulators, granules are more likely to break on impact
with the impeller, rather than in shear. We believe the
appropriateAcritical stressB should be the dynamic yield
stress measured under high strain rate conditions, as dis-
cussed in Section 4. Even this is an oversimplification. A
purely plastic granule will smear rather than break when
its yield stress is exceeded. At high impeller speeds such
materials will coat the granulator wall or form a Paste.
More brittle granules will break at high impact velocity
given a maximum stable granule size or a weak crumb.
Thus, a lot of information is needed about the granule
mechanical properties to predict their breakage behaviour.

w xKenningley et al. 92 developed a relationship for
Ž .breakage crumb, paste or survival of granules in high

shear mixer granulation by equating the kinetic energy of
impact to energy absorbed by plastic deformation of gran-
ules. Granule yield strength was assumed to be due to
viscous pressure loss for fluid flow between particles by

Ž .the Kozeny–Carman equation. The amount of strain´m

was given by:

1 ´ 3 rud322´ s 5-4Ž .m 2540 m1y´Ž .

where d is the Sauter mean size of the granules’ con-32

stituent particles. Increasing particle size or decreasing
viscosity increase the amount of impact deformation.

ŽAbove a critical value of́ taken as 0.10 by Kenningleym
. Ž .et al. , granules will break. Eq. 5-4 showed reasonable

Ž .agreement with their experimental data Fig. 23 .
The approaches of Tardos and Kenningley both show

promise as a basis for predicting wet granule breakage.
More data is needed measuring granule breakage for gran-

Ž .ules with a wide range of carefully characterised mechan-
ical properties.

Controlling wet granule breakage gives the opportunity
to give a narrow granule size distribution by growing

w xgranules up to a breakage limit 20,25,138,140 . This has
been the driving force in the development of some newer

w xgranulator designs 139,145 . It is important to note that
size distribution control will also depend on the impact
velocity distribution and turnover of granules through the

Ž .high impact region impeller or chopper . Granulators with
broad impact velocity distributions and small, uncontrolled
turnover through the high impact region are unlikely to
ever yield narrow granule size distributions.

5.2. Attrition and fracture of dry granules

Most granulation processes involve drying granules ei-
Žther simultaneously fluidised bed and spouted bed granu-

.lators or immediately after granulation in a separate drier.
Attrition or fracture of the granules during granulation,
drying or subsequent handling is generally undesirable.
Therefore understanding the attrition process and the pa-
rameters which affect it is important.

There is limited fundamental work on the fracture of
dry granules but we can draw on more general understand-
ing of the fracture of brittle and semi-brittle materials.

5.2.1. Fracture properties of dry granules
From the point of view of breakage, we can consider a

dry granule as a non-uniform physical composite rather
than an agglomerate of primary particles. The composite
possesses certain macroscopic mechanical properties in-
cluding a yield stress. Instead of porosity, we see an
inherent distribution of cracks and flaws. Dry granules fail
in brittle or semi-brittle fashion i.e. they fail in tension by
the propagation of pre-existing cracks which concentrate
stress. Thus, the fracture stress may be much less than the
inherent tensile strength of bonds between particles in the
granule.

Consider a semi-brittle material failing by crack propa-
Ž .gation Fig. 29 . The tensile stress concentrates near the

crack tip and is much higher than the applied stress leading
Ž .to local yielding near the crack tip the process zone . The

crack will propagate from the edge of the process zone.
The fracture toughness of the granuleK defines thec

elastic stress field in the granule ahead of the propagating
w xcrack and is given by 146,147 :

K sTs p cqd with d ;r 5-5( Ž . Ž .c f c c p

where Y is a geometrical calibration factor,s is thef

applied fracture stress,c is the length of the crack anddc

is the process zone size which in this case is of the same
order as the primary particle radii,r . The process zonep

size is a measure of the yield stress or plasticity of the
material in comparison to its brittleness. Yielding within
the process zone may take place either plastically or by
diffuse microcracking, depending on the brittleness of the
material.



( )S.M. IÕeson et al.rPowder Technology 117 2001 3–3932

Fig. 29. Fracture of a semi-brittle material by crack propagation.

To measure fracture properties reproducibly, very spe-
cific test geometry must be used since it is necessary to
know the stress distribution at predefined induced cracks
of known length. Three traditional methods are the three-
point bend test, indentation fracture testing and Hertzian
contact compression between two spheres. These tech-
niques are well established for ceramic compacts and

w xsingle crystals 148,149 .

Fig. 30 shows a schematic of a three-point bend test.
Firstly, formulation powder is premixed with liquid binder
to the expected level for granulation. A series of bars, each
of known crack length, are formed by compacting the
moist premix in moulds containing a razor notch. The bars
are then dried. The force displacement of the bars is then

Ž .measured up to fracture in a three-point bend test Fig. 31 .
K and d are then determined by regressing the measuredc c

Ž .fracture stress against the known crack length, Eq. 5-5 .
The main difficulty with the three-point bend test for

agglomerated materials is in the preparation of the bars.
Results are sensitive to the way the bars are made and the
bar structure will not match exactly the structure of a
granule formed in, for example, a mixer granulator. Never-
theless, the technique has been used successfully to study
fundamentals of granule fracture, as well as for process

w xtroubleshooting 150,151 .
Fracture toughness and hardness can also be determined

w xfrom indentation tests 152,153 . An indent is made in a
granule with known maximum forceF. The hardnessH is
determined from the areaA of the residual plastic impres-
sion and the fracture toughness from the length of the
cracksc propagating from the indent as a function of load:

E F F
K sb and Hs 5-6Ž .(c 3r2H Ac

where E is the elastic modulus of the material.
For this technique to be useful for agglomerates, the

indentation must be large compared to the size of the feed
particles but small compared to the size of the product
granule. Careful presentation of the granule to the indentor
is also important. This test does have the advantage that
measurements can be made on real granules.

Fig. 30. Schematic of three-point bend test apparatus.
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Fig. 31. Three point bend test results: Typical force displacement curve
for semi-stable fracture.

The heterogeneous nature of agglomerates means they
exhibit more variability in mechanical testing than some
other materials and consistent sample preparation is very
important. Nevertheless, the key advantage of these tests
remains that fundamental properties are measured and the
influence of natural flaw distribution on the results is
small.

Results from such tests show that typical granule mate-
rials have fracture toughnesses in the range 0.01 to 0.06
MPa m0.5 and process zone lengths of order 0.1 to 1mm
Ž .see Table 2 .

5.2.2. Breakage mechanisms for dry granules
The process zone plays a large role in determining the

mechanism of granule breakage. Agglomerates with small
process zones in comparison to granule size break by a

Žbrittle fracture mechanism into smaller fragments Fig.
.32a . This mechanism is calledfragmentation or frac-

ture.
However, for fracture to occur the granule must be able

to concentrate enough elastic energy to propagate gross
fracture during collision. This is harder to do as the
process zone size increases. For well defined compacts
under controlled stress testing conditions, it can be shown
both theoretically and experimentally that fracture will

Table 2
w xFracture properties of agglomerate materials 151

1r2Ž . Ž . Ž .Material K M Pa m d mm E MPac c

aBladex 60e 0.070 340 567
aBladex 90e 0.014 82.7 191

aGleane 0.035 787 261
aGlean Agede 0.045 3510 465
bŽ .CMC-Na M 0.157 641 266

bKlucel GF 0.106 703 441
bPVP 360 K 0.585 1450 1201

bCMC 2% 1 kN 0.097 1360 410
bCMC 2% 5 kN 0.087 1260 399
bCMC 5% 1 kN 0.068 231 317

aDuPont corn herbicides.
b50 mm glass beads with polymer binder.

Ž . Ž .Fig. 32. Schematic of breakage by a fracture, and b erosionrattrition
depending on process zone size.

only occur when the specimen size is significantly larger
w xthan the process zone size 154,155 . For many agglomer-

ate materials, the process zone size is of the order of the
Ž .granule size see Table 2 . These granules will break by

wear, erosion or attrition brought about by diffuse micro-
Ž .cracking Fig. 32b leading to the generation of fine dust

rather than a few fragments.
The mode of stress application effects both the attrition

rate and the functional dependence on particle properties.
Ž .There are three classes of stress application: i wear and

Ž . Ž .erosion, ii impact and iii compaction. For abrasive wear
w xof agglomerates, the volumetric wear rateV is 156 :

d0.5
i 1.25VA P l 5-7Ž .0.5 0.75 0.5A K Hc

where d is indentor diameter,P the applied load,l thei

wear displacement of the indentor andA is the apparent
area of contact of the indentor with the surface. Note that

Ž .the wear erosion rate is inversely dependent on both the
fracture toughness and the hardness.

Experimental studies of the impact breakage of single
crystals give a different dependence on material properties
w x149,157 :

r U 2d Hp g
VA 5-8Ž .2Kc

Impact attrition is more sensitive to fracture toughness
than abrasive wear. In addition the effect of hardness isthe
opposite to that for wear, since hardness acts to concen-
trate stress for fracture during impact.

During compaction of single particles or beds of parti-
cles, particles break in quasi-static compression. For single
particles, the extent of breakage will relate to the fracture
toughness of the particles. For beds of particles, the trans-
mission of stress through the bed is complex. The first
inflection on the compaction curve for a granular bed in
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uniaxial compression, the consolidation starting stressPc

has been related to the crushing strength of individual
w xparticles by several workers e.g. 158–161 . However,

compaction curves for granules that show brittle fracture
are similar to those for plastic deformation so it is difficult
a priori to extract granule mechanical properties from bed
compaction tests. Most authors also compare bed com-
paction results to single granule crush strength, itself not a
true property for brittle and semi-brittle fracture.

There is relatively little good quality data relating attri-
tionrerosion rates of granules and agglomerates with which

w xto test these theories. Ennis and Sunshine 151 compared
the attrition rate of granules with different properties in a
fluidised bed. They found that the attrition rate correlated
well with the erosion rates from bars of similar materials
and with fundamental granule properties as predicted by

Ž . Ž .Eq. 5-7 see Fig. 33 . This is a good demonstration that
quantitative prediction of granule breakage is possible.

There is a need for further studies of this type which
measure granule attrition through the three classes of stress
application and tie these measurements to fundamental
granule properties.

5.2.3. Computer simulation of granule breakage
Ž .Measurement of average granule agglomerate proper-

ties is difficult due their heterogeneous nature. In some
cases, the agglomerate size is less than 10 times the size of
the particles in the agglomerate, making macroscopic gran-
ule properties meaningless.

Some researchers have taken a different approach to
predicting granule breakage behaviour, using discrete ele-

Ž .ment models DEM or similar computer simulations to
w xpredict the breakage of agglomerates 162–166 . For ex-

w xample, Subero et al. 165 simulated the breakage of

ŽFig. 33. Erosion rates of granules in a fluidised bed Source: Ennis and
w x.Sunshine 151 .

agglomerates of large spheres with macrovoids and com-
pared results with careful impact experiments.

The value of DEM simulations relies heavily on the
accuracy of the models for interparticle adhesion and
strength of interparticle bonds. The best potential for the
technique is if it can be linked to careful measurement of
individual particle and solid binder properties using fine
scale equipment e.g. nanoindentation, atomic force mi-

Ž .croscopy AFM . This gives exciting possibilities for relat-
ing macroscopic granule mechanical behaviourquantita-
tiÕely to microscopic particle–particle and particle–binder
interactions.

The combination of computer simulation with careful
fine scale measurement remains an open area for research.

5.3. Concluding comments on granule breakage

The formulation properties and operating variables that
Ž .control granule breakage both wet and dry are reasonably

well known and models are available to predict granule
breakage behaviour. This is a promising start. To build on
this, further work is needed in several areas:

1. Further development of measurement techniques for
Žmacroscopic granule properties dynamic yield stress,

.fracture toughness, etc.
2. Careful measurement of the breakageof well charac-

terised granules under conditions similar to those in
granulators and granule handling equipment to test
existing models.

3. Studies to predict macroscopic granule properties
from knowledge of particle–particle and particle–bi-
nder interactions using microscopic scale measure-
ment combined with appropriate modelling or com-
puter simulation.

6. Review conclusions

In the last decade, substantial progress has been made
in understanding and quantifying the mechanisms that
control granule attributes. Controlling dimensionless groups
for each of the mechanisms are established and in some
cases, regime maps are becoming available.

Although still developing, this research is ready to be
applied in industry for the design and scale up of granula-
tion processes and products. The first step in design and
scale up is to understand which mechanisms are control-
ling the process. This can now be done through

Ž1. Good characterisation of the formulation yield stress,
.contact angle, etc. ;

Ž2. Good characterisation of the process spray character-
.istics, impeller speed, etc. ; and

Ž3. Calculation of the key dimensionless parameters Di-
mensionless spray flux, viscous Stokes number,

.Stokes deformation number, etc. .
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Having established the key mechanisms that control the
product attributes, sound scale up rules, operating practices
and control strategies can be developed.

If granulation is treated as particle design, then formula-
tion parameters andror the process equipment can be
chosen a priori to force one mechanism to be controlling.
The logical extension of this thinking is the design of new
granulators which physically separate the granulation pro-
cesses and base design on the new fundamental under-
standing.

The developments of the past decade should also focus
future research in this area. Studies should no longer
simply present laboratory granulation results and describe
effect of parameters qualitatively. Instead, the following
areas given below should be targeted.

v Further development of robust techniques to charac-
terise formulations particularly drop penetration and wet-
ting, mechanical properties of wet granules and pellets at a
wide range of strain rates, and mechanical properties of
dry granules and agglomerates.

v Experimental studies to understand and quantify flow
behaviour of wet mass and granules in mixers and granula-
tors.

v Experimental granulation studies specifically designed
to quantitatively validate or extend recently developed
theoretical models.

v Studies aimed at predicting macroscopic
powderrgranule properties from microscopic particle–par-
ticle and particle–fluid interactions. Here both sophisti-

Žcated experimental techniques e.g. AFM, nanoindentation,
. Ž .micro-rheometer , and computer simulations e.g. DEM

will be valuable.
ŽIn the past, many papers in the area including from our

.research group began with statements such asAgranula-
tion is more an art than a scienceB. Such statements are
now out of date. There is a significant and growing
quantitative understanding of granulation processes avail-
able in the research literature.

Nomenclature
A Ž . Ž .contact area in Eqs. 5-6 and 5-7
Ȧ Ž .powder flux through wetted spray area, Eq. 3-8
a sphere radius
C Ž .a material constant in Eq. 4-4
c notch length in three point bend test
D granule diameter
dd binder drop diameter
dg granule diameter
d i Ž .indentor diameter, Eq. 5-7
dp surface-average particle diameter
E elastic modulus of granule
F Ž .force used in indentation test, Eq. 5-6
Fvis viscous force between two spheres
H hardness
h thickness of liquid film on granule surface

ha height of granule surface asperities
Kc Ž .fracture toughness of granules, Eq. 5-4
K´

Ž .dimensionless granule compaction rate, Eq. 4-8
k Ž .the consolidation rate constant in Eq. 4-6
N number of drum revolutions
n Ž .power exponent in Eq. 3-7
DPcap capillary pressure difference across liquid–vapour

interface
Rpore Ž .effective pore radius, Eq. 3-6
rd Ž .drop radius, Eq. 3-6
S granule pore liquid saturation
smax maximum granule pore saturation
Stv viscous Stokes numbers8ruar9m defined in

Ž .Eq. 4-11
Stdef Stokes deformation numbersru2r2Y defined in

Ž .Eq. 4-15
smax maximum granule pore liquid saturation
t time
U collision velocity
u collision velocity
V volumetric wear rate during an attrition test
V̇ volumetric flow rate of liquid binder
V0 Ž .drop volume, Eq. 3-6
W work of adhesion or cohesion
w mass ratio of liquid to solid in granule
Y granule dynamic yield stress
Ž .y x profile of pendular bridge

Greek
g surface tension or energy
dc incremental crack length
d
Y Žextent of permanent granule deformation, Eq. 4-

.17
´ granule porosity
´0 initial porosity of granule nuclei
´min final minimum porosity reached by tumbling

granules
´m granule strain.
l Ž . Ž . Ž .spreading coefficient, Eqs. 3-4a , 3-5b and 3-5
u liquid–solid contact angle.
Ca Ž .dimensionless spray flux, Eq. 3-8
m liquid viscosity
r density
st granule tensile strength.
t Ž .dimensionless compaction time, Eq. 4-8 .
tCDA drop penetration time for constant drawing area

Ž .case, Eq. 3-6 .

Subscripts
A adhesion
C cohesion
L liquid
S solid
V vapour
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