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Nucleation is the first step in granulation where the powder and liquid first contact.
Two types of nucleation in wet granulation processes are proposed. Drop controlled
nucleation, where one drop forms one nucleus, occurs when drops hitting the powder

( )surface do not o®erlap low spray flux � and the drop must wet quickly into the beda
( )short drop penetration time t . If either criterion is not met, powder mixing character-p

( )istics will dominate mechanical dispersion regime . Granulation experiments were per-
formed with lactose powder, water, PEG200, and 7% HPC solution in a 6 L and a 25
L mixer granulator. Size distributions were measured as the drop penetration time and
spray flux were ®aried. At short penetration times, decreasing � caused the nucleia
distribution to become narrower. When drop penetration time was high, the nuclei size
distribution was broad independent of changes in dimensionless spray flux. Nucleation
regime maps were plotted for each set of experiments in each mixer as a function of the
dimensionless distribution width � . The nucleation regime map demonstrates the inter-
action between drop penetration time and spray flux in nucleation. The narrowest distri-
bution consistently occurred at low spray flux and low penetration time, pro®ing the
existence of the drop controlled regime. The nucleation regime map pro®ides a rational
basis for design and scale-up of nucleation and wetting in wet granulation.

Introduction
Granulation is the process of agglomerating fine powdery

materials using a liquid binder to give larger granules. This
can be achieved in a range of different processing equipment
including drums, pans, fluid beds, and high shear mixers. It is
an important process in a range of industries including agri-
cultural chemicals, pharmaceuticals, mineral processing, food,
and detergents.

Wet granulation is complex as many processes are occur-
ring simultaneously in the granulator and each influence the
granule attributes. Three granulation mechanisms have been

Ž .defined Ennis et al., 1997 :
� Granule nucleation and binder distribution
� Granule consolidation and growth
� Granule attrition and breakage.

Ž . Ž .Iveson and Litster 1998 and Iveson et al. 2001b intro-
duced the idea of a general granule growth regime map. Af-
ter extensive experimentation and observations of granule
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growth and deformation behavior, they proposed that gran-
ule growth behavior is a function of only two basic parame-
ters: the maximum pore liquid saturation and the amount of
granule deformation during impact. Notably, there exists two
regions of growth where nucleation can completely control
the granule properties: the ‘‘nucleation’’ and ‘‘induction’’
regimes. For a feed formulation that falls into one of these
regimes, the granule attributes depend almost entirely on the
wetting and nucleation processes. Although the growth regime
map indicates when nucleation dominates growth, it does not
describe how to control nucleation. This suggests that addi-
tional regime maps for granulation are required: one for each
of the three controlling mechanisms listed above.

In addition, the growth regime map assumes uniform binder
dispersion. If the binder is unevenly distributed, the formula-
tion will cross several regimes, as there will be a distribution
of granule saturations at any point in time. The more satu-
rated granules will tend to grow more quickly than dry gran-
ules, and a rapidly broadening granule size distribution re-
sults. Understanding how to disperse binder evenly using a
nucleation regime map will not only help control the nuclei
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Ždistribution, but will lead to more controlled growth and
.presumably breakage behavior as well.

Current Understanding of Nucleation
This article focuses on the nucleation zone, also called the

Ž .‘‘wetting zone’’ Schaafsma et al., 1999 or the ‘‘spray surface’’
Ž .or ‘‘spray zone’’ Schaafsma et al., 2000 . The nucleation zone

is the area where the liquid binder and powder surface first
come into contact and form the initial loose agglomerates or
‘‘nuclei.’’ The size distribution of these initial nuclei critically
depends on the processes happening in the nucleation zone,

Žalthough other processes in the rest of the granulator re-
Ž ..ferred to as the mixing zone Becher and Schlunder, 1997¨

may subsequently alter this distribution.
Two processes are important in the nucleation zone. Firstly,

there is nuclei formation, which is a function of wetting ther-
modynamics and kinetics. Secondly, there is binder dispersion,
or effective mixing of the powder and binder, which is a func-
tion of process variables. Choosing a poor combination of
powder and liquid, or using an inefficient binder dispersion
method, will both produce that is difficult to control and re-
produce.

When liquid is added by spraying, the spray droplets land
on the powder surface and penetrate into the pores forming
a nucleus granule. In practice, the liquid may not have enough
time to form a nucleus due to interference from the mixing
process occurring simultaneously in the granulator. The need
to study the nuclei formation kinetics has only recently been

Ž .identified Knight et al., 1998a; Tardos et al., 1997 and some
work has begun in this area. Previously, nucleus formation
has been assumed to be rapid. This appears to be true for
low viscosity fluids like water, but analysis of the Washburn

Ž .equation for example, Ennis and Litster, 1997 , and experi-
Žmental reports Ennis et al., 1991; Kristensen and Schaefer

1994; Schaefer and Mathiesen, 1996; Simons and Fair-
.brother, 2000 suggest that viscous fluids display much slower

nucleation kinetics.
The nuclei formation kinetics can be quantified as the time

required for a single drop to penetrate into a porous powder
surface. A large single drop that wets and flows through the
powder pores should also flow quickly as a small drop on the
surface of a much larger particle. The kinetics of drop pene-
tration were studied by filming single drops of several differ-
ent fluids as they penetrated into a loosely packed powder

Ž .bed Hapgood et al., 2002 . The penetration time depends on
Žboth wetting thermodynamics affected by the fluid surface

.tension and the powderrliquid contact angle and the wetting
Žkinetics strongly affected by the liquid viscosity and effective

.pore size of the powder bed . Drop penetration times for a
given feed formulation can either be measured directly or

Žestimated in advance from the material properties Hapgood
.et al., 2002 and is given by

V 2r3 �o
t s1.35 1Ž .p 2 � cos �� R LV dpore

where V is the drop volume, � is the powder bed porosity,o
R is the radius of the pores, � is the liquid viscosity, �pore LV
is the liquid surface tension, and � is the dynamic contactd
angle of the liquid in the solid capillary.

Once single drop behavior is understood, the interactions
between the hundreds of drops landing in the nucleation

Ž .zone need to be quantified. Schaafsma et al. 2000 used a
spray nozzle that produced monosized droplets to prove that
larger nuclei were formed from multiple drops which had co-
alesced in the spray zone. Short spraying times of PVP solu-

Ž .tions onto lactose powder 200 mesh in a fluid bed elimi-
nated growth and most rewetting. The resulting volume fre-
quency distribution showed several peaks. The smallest peak
corresponded to nuclei formed from a single drop, and the
subsequent peaks corresponded to granules formed from 2,
3, and 4 merged droplets.

Ž .Mort and Tardos 1999 developed a series of ‘‘transforma-
tion maps,’’ which illustrate the interaction between material
properties and operating parameters. These transformation
maps can be viewed as precursors to a nucleation regime map
and identify several key parameters in nucleation and binder
dispersion: viscosity, contact angle, binder flux, volume of

Žpowder, and powder mixing represented by fluidization and
.shear rate . The transformation maps hinge on both material

properties and operating variables.
In the past, the nucleation zone conditions have not been

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

Ž .scales has been made by Tardos et al. 1997 , who suggested
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
time and less binder volume available for agglomeration per

Ž . Ž .unit powder Rankell et al., 1964 . Watano et al. 1997 mea-
sured the granule size distribution as a function of gas veloc-
ity, spray zone size, and equipment scale in an agitated flu-
idized-bed granulator. The best binder dispersion and, conse-
quently, the narrowest distribution was produced with a high
gas flow rate at the smallest scale, that is, the highest powder
flux and the largest relative spray zone. A similar approach

Ž .was taken by Schaafsma et al. 2000 , who looked at the rate
of surface renewal in a fluidized bed compared to the spray-
ing rate. Some industrial detergent granulation is also con-

Žtrolled by the ratio of binder flux to powder velocity Akker-
.mans et al., 1998 .

Recently, a dimensionless group called the dimensionless
spray flux � was derived from first principles to quantify thea
effects of the most important process variables in the nucle-
ation zone: liquid flow rate, binder drop size, and powder

Ž .flux through the spray zone Litster et al., 2001 . Dimension-
less spray flux is general to all wet granulation processes, and
is a measure of the area wetted by drops from the nozzle
compared to the renewal flux of powder surface through the

Ž .spray zone Litster et al., 2001

˙3V
� s 2Ž .a ˙2 Add

˙where V is the volumetric spray rate, d is the droplet diam-d
˙eter, and A is the area flux of powder traversing the spray

zone. A low spray flux means well dispersed droplets, which
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Figure 1. Five steps of nucleation.
Ž . Ž .1 Droplet formation; 2 droplet impact on the powder and

Ž .possible breakage; 3 droplet coalescence at the powder
Ž . Ž .surface; 4 droplet penetration into the powder pores; 5

mixing of the liquid and powder by mechanical dispersion.

tend not to overlap. High spray flux means high spray density
and agglomeration of spray drops on the powder surface
leading to a broader, more difficult to control nuclei distribu-

Ž .tion Litster et al., 2001 .
The dimensionless spray flux can also be applied to situa-

tions where the liquid is poured into the granulator. A single
stream of liquid can be considered to be a vertical column of
drops that are not separated. The ‘‘spray area’’ is then equal
to the cross-sectional area of the liquid column. Since the
pouring liquid constantly covers this area, the spray flux �a
G1.

Nucleation Behavior and Proposed Regime Map
Nucleation is postulated to be a combination of single drop

Žbehavior that is, drop penetration time t controlled by ma-p
. Žterial properties and multiple drop interactions that is, di-

mensionless spray flux � controlled by the spray zone oper-a
.ating variables . Depending on the particular formulation

properties and operating conditions, different mechanisms
may dominate.

Consider the process of nucleation in the spray zone of a
granulator as shown in Figure 1. Drops are formed at the

Ž .spray nozzle 1 , from which they fall and impact the bed
Ž .surface 2 . The drop may possibly break at the powder sur-

face, but preliminary investigations suggest this is unlikely
Ž .Agland and Iveson, 1999 . The drop then penetrates the bed

Ž .surface by capillary action to form a nucleus granule 4 . If
Žthe drop is slow to penetrate the surface such as viscous

.fluid or high contact angle or the flux of drops on the sur-
face is high, drops will overlap and coalesce in the nucleation

Ž .zone 3 , leading to a broad nuclei size distribution. This has
Žbeen described by other workers Schaafsma et al., 2000; Tar-

.dos et al., 1997; Waldie et al., 1987 . In extreme cases where
Žpowder mixing in the spray zone is poor, surface caking due

. Žto many overlapping drops or liquid pooling slow penetra-
.tion may occur. Mechanical mixing then dominates binder

dispersion.
Ideal nucleation conditions occur when one drop produces

one nucleus granule. We define this as the drop controlled
nucleation regime. In the drop controlled regime, the control-
ling property is the droplet size. The binder droplets pene-
trate into the powder bed pores almost immediately, and the

Figure 2. Proposed nucleation regime map.
For ideal nucleation in the drop controlled regime, must have
Ž . Ž .i low � and ii low � . In the mechanical dispersion regime,a p
one or both of these conditions are not met, and good binder
dispersion requires good mechanical mixing.

nuclei distribution reflects the drop size distribution. Ex-
granulator experiments proved the existence of the drop con-

Ž .trolled regime at low spray flux Litster et al., 2001 . Drop
controlled nucleation should occur when
Ž .1 Low dimensionless spray flux � : relatively few dropsa

overlap.
Ž .2 Fast drop penetration time t : the drop must wet intop

the bed completely before bed mixing brings it into contact
with another partially absorbed drop on the bed surface.

If either criterion is not met, powder mixing characteristics
will dominate: this is the mechanical dispersion regime. Vis-
cous or poorly wetting binders are slow to flow through the
powder pores and form nuclei. Drop coalescence on the pow-
der surface due to either slow penetrating drops or a high
spray flux creates a broad nuclei size distribution. In the me-
chanical dispersion regime, nucleation and binder dispersion
can only occur by mechanical mixing and agitation, and the

Ž .solution delivery method drop size, nozzle height, and so on
has a minimal effect on the nuclei properties. If the mixing
and mechanical dispersion is poor, the binder dispersion will

Ž .be poor. Tardos et al. 1997 have shown that, under some
shear conditions, the nuclei deform, but do not break up.
There also exists an intermediate regime, where the process is
extremely sensitive to small variations in nucleation zone
conditions.

Based on this idea, we propose a conceptual nucleation
Ž .regime map see Figure 2 . The map centers around the drop

controlled regime, where one drop makes one nucleus, pro-
vided the drop penetrates fast enough and the drops are well
separated from each other. The horizontal axis is the dimen-
sionless spray flux � , which describes the spray pattern anda
multiple drop behavior. On the vertical axis is dimensionless
drop penetration time �p

tp
� s 3Ž .p tc

Žwhere t is the penetration time of the spray drops Hapgoodp
.et al., 2002 and t is the circulation time, which is the timec
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Table 1. Powder Properties

Wyndale Foremost
Powder Property Lactose Lactose

Ž .Surface mean d �m 64.43 17.8632
Ž .Volume mean d �m 168.7 69.243

Ž .d �m 38.97 7.810
Ž .d �m 138.2 64.850
Ž .d �m 348.3 131.290

Ž .Tap density grmL 0.935 0.93

interval between a packet of powder leaving and re-entering
the spray zone. The circulation time is a function of powder
flow patterns and the amount of material in the granulator,
and is completely unknown at this stage.

The objective of this article is to validate the proposed nu-
cleation regime map and establish the positions of the regime
limit lines. This will be done by varying drop penetration time
Ž .using different fluids and spray flux � , and measuring thea
resulting nuclei distribution in full granulation experiments.

Experimental Studies
Materials

Two different lactose monohydrate powders were used
Ž .Wyndale New Zealand Milk and Foremost Farms, U.S. with
different size distributions. Powder properties are summa-
rized in Table 1. Three different liquids were used: water,

Ž .polyethylene glycol with a molecular weight of 200 PEG200
Ž .and a 7 wt. % hydroxy propyl cellulose HPC solution. Sur-

face tension was measured using the Wilhelmy plate tech-
nique, and viscosity was measured using a Brookfield DV-III
rheometer. Contact angles of the binder fluids on lactose were

Žmeasured using the opposing air pressure technique Diggins
.et al., 1990; Dunstan and White, 1986 using the same appa-

Ž .ratus as Iveson et al. 1999 . Liquid properties are summa-
rized in Table 2.

The lactose feed powders were prepared by pre-screening
over a 180 �m screen and discarding the oversize material.

Ž .This allowed complete separation of granules q180 �m
Ž .from the dry ungranulated powder y150 �m during sieve

Žsize analysis, and has been successfully used previously Lit-
.ster et al., 2001, 2002 .

Equipment
Ž .An industrial food processor Hobart FP62 was used as a

laboratory-scale high speed mixer in these experiments. The
Hobart is a vertical axis granulator with a stainless steel bowl
300 mm in diameter and 140 mm high, and a nominal 6 L

Table 2. Binder Fluid Properties

Density Surface Visc. Contact
� Tension � � Angle �L L

Ž . Ž . Ž . Ž .Binder Fluid grmL mNrm mPa � s deg
�Water 1 72.1 1.1 63
†7 wt. % HPC 1.0139 42.25 103.7 34
�PEG200 1.127 43.7 63.8 64

� ŽMeasured using the opposing air pressure technique Hapgood, 2000;
.Hapgood et al., 2002 .

† Ž .Literature data from a 5% HPC solution Danjo et al., 1992 .

Table 3. Spray Characteristics of 650017 Nozzle Tip at
Various Conditions

Nozzle Total Spray Median
Pressure Flow Rate Width Drop Size
Ž . Ž . Ž . Ž .Fluid kPa grmin cm �m

�Water 310 60�1 8 96
�620 94�1 10.5 64
†760 99�2 11 50

�7% HPC 620 94�1 8 240
‡PEG200 620 82�1 3 200
‡760 96�1 5 340

�Measured using Malvern ST1800 at Spraying Systems Laboratory,
Chicago.

†Extrapolated from 310 to 620 kPa data.
‡ Ž .Estimated using frozen droplets technique Hapgood, 2000 .

volume. The impeller consists of two vertically offset, curved
stainless steel blades with blunt edges and a central plastic
shaft. There was no chopper. An impeller speed of 750 rpm
was used, and surface velocity of the powder through the spray

Ž .zone was estimated to be 0.53 mrs Hapgood, 2000 . This was
observed to be the onset of the toroidal powder flow or the

Ž .roping flow regime Litster et al., 2001 .
The second mixer granulator used was an Aeromatic

Fielder PMA25 25 liter mixer, which is 400 mm in diameter
and approximately 100 mm high before tapering inwards at
the top. The three bladed impeller was set at 250 rpm, and
the chopper remained off. The powder surface velocity at 250

Žrpm is 0.74 mrs, and is in the roping flow regime Litster et
.al., 2002 .

A spraying systems pressure pot with a TP650017 flat line
spray nozzle tip was used to spray the binder at 310, 620, and
760 kPa. Increasing the spray pressure caused the flow rate
to increase and the drop size to decrease. Table 3 gives a
summary of the spray characteristics. Only water could be
atomized at 310 kPa. The spray nozzles and pump hose end
were positioned approximately 90 mm above the dry powder

Žbed surface and perpendicular to the powder flow that is,
.formed a radial line from the cone to the bowl wall . A peri-

staltic pump was used to pump the granulating fluid into the
mixers at a set flow rate of approximately 100 grmin depend-
ing on the fluid.

Method
The objective of these experiments was to test the nucle-

ation regime map both at short times and when granulating
through to the final solution level. In the latter case, nucle-
ation, as well as re-wetting, growth and breakage, are occur-
ring simultaneously.

The penetration times of these powder and liquid combi-
Žnations have been determined previously Hapgood et al.,

.2002 and are summarized in Tables 4 and 5. The manipu-
lated variables for both sets of experiments were:

� Solution Deli©ery Method. Spray flux was altered by
changing the flow rate of the binder and the solution delivery

Ž .method pouring or spraying . A pressure pot with the
TP650017 nozzle tip was used to spray the liquid at various
pressures. For the pouring experiments, the liquid was either
added using a peristaltic pump or hand poured as fast as
possible using a beaker.
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� Liquid Flow Rate. Flow rate was varied between 60	100
grmin. When adding the binder by peristaltic pump, the flow
rate was matched with the highest spray rate. For the hand
pouring experiments, the entire beaker contents were typi-
cally added in 1	2 s.

� Binder Fluid. Water, PEG200, and 7% HPC were cho-
Žsen as binders because they cover a range of viscosities see

.Table 2 . An increase in the fluid viscosity causes a propor-
Ž .tional increase in penetration time Hapgood et al., 2002 .

To granulate, 2 kg of pre-screened lactose was placed in
the Hobart mixer bowl and dry mixed at 750 rpm for 30 s.
Bed height after dry mixing was between 5	7 cm. Binder fluid
was added either by spraying or pouring. The peristaltic pump
flow rate was set at approximately 100 grmin to match the
highest spray flow rate. Samples weighing between 50	100
grams when wet were taken after 10 s and when the liquid
content had reached 3%. All experiments in the Hobart mixer
were performed in duplicate. Granulation ended when the
total liquid content reached the desired level: 3% liquid con-
tent in the 6 L Hobart mixer and 15% liquid in the 25 L
Fielder mixer. Total granulation time increased at the lowest
liquid flow rate. Water-bound granules were dried overnight
in an oven at 60
C and ambient humidity. They were weighed
the following day to check moisture content and sieved.
Granules bound with PEG200 were frozen using liquid nitro-

Žgen and sieved for 2 min, a technique used previously Iveson
.and Litster, 1998; Mackaplow et al., 2000 .

The granulation procedure in the 25 L Fielder mixer was
almost identical to the procedure described above except that
a sample was taken after 1 min and at the endpoint of 15%
liquid.

Results
Table 4 summarizes the conditions and spray flux values

used in the 6 L Hobart mixer, which range from � s0.33y1a
for water and � s0.26y1 for PEG200. The penetrationa
times are calculated by adjusting the experimental results
Ž .Hapgood et al., 2002 for the smaller spray drop size. For
the experiments with a poured and pumped liquid addition,
an arbitrary drop diameter was chosen equal to the drop di-

Ž .ameter of the pipe outlet 1 cm or the approximate diameter
Ž .of the liquid column 0.5 cm .

Table 5 summarizes the experimental conditions for the 25
L Fielder mixer experiments together with the calculated val-
ues of � . For all experiments in the Fielder, the powder wasa
almost 100% granulated after 5 min.

Table 4. Experimental Conditions in the Hobart Mixer
and Calculated �a

P V d V w td p
Ž . Ž . Ž . Ž . Ž . Ž .Fluid Method kPa grmin �m mrs m ms �a

Water Spray 310 55 96 0.53 0.08 0.92 0.33
620 90 64 0.53 0.105 0.41 0.63
760 99 50 0.53 0.11 0.25 0.85

�Pour nra 102 500 0.53 0.01 25 �1
�7,180 1000 0.53 0.01 100 �1

PEG200 Spray 620 83 200 0.53 0.03 78 0.65
760 95 340 0.53 0.05 22 0.26

�Pour nra 98 500 0.53 0.01 490 �1
�8,114 1,000 0.53 0.01 1,900 �1

�Arbitrary drop size estimation used for estimating t .p
P is the atomization pressure, V is the liquid flow rate, d is the mediand
drop diameter, ® is the powder surface velocity, w is the spray width, tp

Ž .is the drop penetration time calculated using d and � is the calcu-d a
lated spray flux.

The effect of decreasing spray flux � depended stronglya
on the binder penetration time. For short penetration times
Ž .water and lactose system , a decrease in � caused a de-a
crease in the granule size and the reduction in the spread of

Ž .the distribution see Figure 3 . Spraying the water in at the
Žlowest flow rate sprayed 310 kPa, � s0.33 in Hobart mixer,a

.and � s0.28 in 25 L Fielder gave the tightest distribution,a
with fewer ungranulated fines and fewer large clumps. How-

Figure 3. Nuclei distribution as a function of changing
spray conditions for water after 10 s in the
Hobart mixer.
As � increases the breadth of the distribution increases.a

Table 5. Experimental Conditions and � Values in the 25 L PMA Mixera

P V d V w td p
Ž . Ž . Ž . Ž . Ž . Ž .Fluid Method kPa grmin �m mrs m ms �a

Water Spray 310 60 96 0.74 0.076 3.8 0.28
620 94 64 0.74 0.076 1.7 0.65

�Pour nra 94 500 0.74 nra 100 1

HPC Spray 620 94 240 0.74 0.076 1,520 0.18
�Pour nra 94 500 0.74 nra 6,600 1

�Arbitrary drop size assigned in order to calculate t .p
See Table 4 for Notation.
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Figure 4. Nuclei distribution as a function of changing
spray conditions for PEG200 after 10 s in the
Hobart mixer.
No clear trend between � and nuclei distribution is evi-a
dent.

ever for the viscous HPC and PEG200 solutions, changes in
Ž .� had no clear effect Figure 4 .a

Nucleation Regime Map Validation
In order to validate the nucleation regime map, the charac-

teristic width of the size distribution is plotted as a function
Žof � and dimensionless drop penetration time � see Eq.a p

.3 . The circulation time t is unknown and could not be esti-c
mated. Since the mass of powder and the impeller speed were
kept constant in both the 6 L Hobart and the 25 L Fielder
experiments, the powder circulation time t is assumed con-c

stant in each granulator, although it cannot be assumed to be
the same for two mixers. The absence of a known value for
circulation time prevents the nucleation regime maps for dif-
ferent equipment from being combined. Therefore, the data
from each granulator has been plotted separately until an es-
timate of circulation time at each scale is available. The verti-

Ž .cal axis is drop penetration time t not dimensionless .p
In the drop controlled nucleation regime, one drop forms

one granule and the nuclei distribution should mirror the
spray droplet distribution. In an ideal case of monosized drops
and low spray flux, the d and d should be very close to-50 90
gether and the majority of nuclei formed should be from a
single drop. Under less ideal conditions where a multimodal
distribution is formed, it has been shown by Schaafsma et al.
Ž .2000 that the granule size at the first peak of the nuclei

Ž .distribution d is the characteristic size of the nucleipeak1
formed from a single drop.

The absolute value of the d of a distribution formed un-90
der different conditions will also depend on the size of the
original drops and the particular powder and fluid combina-
tion. For instance, at 620 kPa, water and HPC solution have
initial median drop sizes of 64 �m and 240 �m, respectively.
These d values cannot be directly compared, since it is in-90
fluenced by both the size of the spray drops and the fraction
of agglomerate nuclei formed from multiple drops. By com-
paring the d with the spray droplet size and the nucleation90

Ž .ratio K Schaafsma et al., 2000 , the change in the shape of
the distribution can be represented by the dimensionless dis-
tribution width �

�sd rKd 4Ž .90 d

Figure 5. Nucleation regime map in 6 L Hobart mixer after 10 s.
Wyndale lactose with water and PEG200.
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Table 6. Values of d , d , Nucleation Ratio K andd peak1
� for 6 L Hobart Experiments

P d d � �d peak1
Ž . Ž . Ž .Fluid Method kPa �m �m 10 s 3% K

Water Spray 310 96 215 10.4 18.0 2
620 64 215 22.8 31.5 3
760 50 215 30.0 38.9 4

Pour nra nra 215 65.5 63.8 �
nra nra 215 31.1 no sample �

PEG200 Spray 620 200 215 34.1 45.6 1
760 340 300 34.5 36.1 1

A low value of � means that the size distribution is narrow.
For monosized drops and very low � , � should approacha
one. As the distribution broadens and the d increases, �90
will also increase. The value of the nucleation ratio K should
be constant for each combination of drop size, powder, and
binder fluid. Thus, � normalizes the distribution for changes
in fluid properties and allows a true comparison.

The values of K were obtained by finding the first peak of
the size distribution d . The �2 sieve series limits the res-peak1
olution of the distribution in this area, and there is some un-
certainty in the estimate of d . The values of d for allpeak1 peak1
experiments are summarized in Tables 6 and 7 together with
the measured spray drop sizes. For all experiments, dpeak1
was either 215 or 300 mm. Although the nuclei are made
from differing size drops, the values of d are remarkablypeak1
close, however, after dividing by the drop size of the spray,

Žthe resulting nucleation ratios are different see Tables 6 and
.7 . At very short times, K is approximately 2	4 for fast pene-

Table 7. Values of d , d , Nucleation Ratio K andd peak1
� for 25 L Fielder Experiments

P d d � �d peak1
Ž . Ž . Ž .Fluid Method kPa �m �m 1 min 15% soln K

Water Spray 310 96 300 2.6 3.6 2
620 64 300 4.7 11.1 4

Pour nra nra 300 6.0 11.6 �

7% HPC Spray 620 240 300 5.4 11.5 1

Pour nra nra 300 8.2 9.5 �

trating water on lactose powder. For the more viscous
PEG200 and 7% HPC solutions, K is approximately 1. This
reflects the much longer time required for the viscous fluids
to flow through the powder pores.

Figure 5 shows the � function after 10 s of liquid addition
in the Hobart mixer. Regime map limit lines are shown to-
gether with the value of � at each point. Values of � are
summarized in Table 6. At this early stage of granulation,
growth, breakage, and re-wetting of nuclei should be insignif-
icant. The size distribution should reflect the processes oc-
curring in the spray zone. When both the drop penetration
time and spray flux are low, � is a minimum of 10. This im-
plies that 90% of the nuclei in the distribution at this early
stage are formed from 10 droplets or less. The duplicate data
points confirm that this is the area of lowest � .

ŽAs � increases at low penetration time water and smalla
.drops , the distribution steadily becomes broader and � in-

creases. At high penetration times, the distribution is always

Figure 6. Nucleation regime map in 6 L Hobart mixer at 3% liquid content.
Wyndale lactose with water and PEG200.
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Ž .larger and broader �s30	65 and changes in � have littlea
effect. Slow penetrating drops tend to remain on the surface
longer and have a much greater opportunity of coalescing with
other droplets via new incoming droplets and through pool-
ing on the surface.

Figure 6 shows a similar trend at 3% liquid. The nuclei
have had time to coalesce and grow and the increased � val-
ues demonstrate this. Again, the narrowest nuclei distribu-
tion occurs at low penetration time and low spray flux where
� is approximately 18. Increasing � at low penetration timea
causes � to increase, but, for long penetration times, the dis-
tribution remains broad with high � values independent of
spray flux � .a

Figures 7 and 8 show the nucleation regime maps for the
25 L Fielder experiments after 1 min, and at the final end
point of 15% liquid content. This liquid level is high enough
that the formulation will no longer be in the ‘‘nucleation only’’

Ž .regime Iveson and Litster, 1998 , and other processes such
as re-wetting, growth, consolidation, and breakage will be oc-

Ž .curring. After 1 min see Figure 7 and Table 7 at low pene-
tration time and low � �0.3, the distribution is very narrowa
and �f0.3. This low � value indicates that the largest nuclei
Ž .d is composed of only three drops, and suggests that we90
are in the drop controlled regime. As � increases at lowa
penetration time, � increases to 6. For the slow penetrating

Ž .drops HPC solution or water pumped in , �s5	8.
Figure 8 shows the regime map at 15% liquid content. The

nuclei distribution is narrowest at low spray flux and short

Ž .drop penetration time �f4 . The narrowest final size distri-
bution was produced at low spray flux and low penetration
time, where the narrowest nuclei distribution was created.
The breadth of the nuclei distribution survived the collision
and breakage forces in the mixer, and directly affected the
product distribution.

Thus, the data presented here confirms that:
Ž .a In all cases, the lowest � values and, therefore, nar-

rowest nuclei distribution is formed at low penetration time
Ž .and low spray flux � �0.25 , confirming the existence ofa

the drop controlled nucleation regime.
Ž .b If the drop penetration time or the dimensionless spray

flux increases, the size and spread of the nuclei distribution
increases also. This is consistent with the proposed mechani-
cal dispersion nucleation regime.
Ž .c The narrowest product size distribution is produced

from the narrowest nuclei distribution. The initial nuclei dis-
tribution is ‘‘remembered’’ through the granulation process
despite the collision and breakage forces exerted on the nu-
clei in the ‘‘high shear’’ mixer.

Thus, the nucleation regime map can be used to rational-
ize granule size distributions observed in different granula-
tors under different conditions.

Dimensionless distribution width � follows the same trend
in both mixers, but is much higher in the 6 L Hobart mixer
compared to the 25 L Fielder mixer granulator. These differ-
ences are most likely due to a combination of several factors:
differences in the powder circulation times, differences in

Figure 7. Nucleation regime map in 25 L Fielder mixer after 1 min.
Foremost lactose with water and HPC solution.
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Figure 8. Nucleation regime map in 25 L Fielder mixer at 15% liquid content.
Foremost lactose with water and HPC.

growth and breakage rates, and differences in the formula-
tions. The nucleation regime map does not predict the final
nuclei sizes, only the changes in the size distribution as a
function of � and � . Despite differences in the equipmenta p
and other parameters that alter the granulation properties,
the nucleation regime map successfully predicts the observed
shifts in the nuclei size distribution.

Literature Data and the Nucleation Regime Map
There are few articles in the literature that report and ma-

nipulate all the variables required to plot data on the nucle-

ation regime map. One exception is a series of articles by
Ž .Schaefer and Wørts 1977a,b; 1978a,b investigating fluid-bed

granulation of lactose and maize starch with various binders.
They report flow rate, drop size, granule size and spread,
spray area, nozzle height, binder concentration, and viscosity.
This information allows spray flux to be calculated directly
assuming the powder velocity is 1 mrs. Insufficient informa-
tion on contact angle and surface tension of the fluids pre-
vents a direct estimation of t , but, by comparing two differ-p

Ž .ent concentrations of sodium carboxymethylcellulose CMC ,
the relative penetration times can be estimated by assuming
all other properties are constant except viscosity and drop

( )Table 8. Schaefer and Wørts 1977a,b; 1978a,b Data in Fluidized Bed Granulator
2� V d t A�d d sd p d g g

Ž . Ž . Ž . Ž . Ž . Ž .Fluid cP grmin �m � N � s �m �m �sd rda 95 d

3% CMC 10.7 150 43 0.3 19.8 90 1.81 5.0
47 0.28 23.6 100 1.8 4.8
92 0.14 90.6 125 1.9 3.1

130 0.10 181 150 2.0 2.7
147 0.09 231 200 1.95 2.6

6% CMC 69 150 54 0.24 201 130 1.75 4.5
120 0.11 994 220 1.95 3.3
145 0.07 1450 240 2.3 4.4

Ž .Nozzle heights 36 cm, spray angles 40
, pneumatic spray nozzle, 15 kg of fine crystalline lactose and maize starch 4:1 .
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Figure 9. Nucleation regime map of data by Schaefer
( )and Wo///// rts 1977a,b; 1978a,b in fluidized-bed

granulator.
Ž .Lactose and maize starch 4:1 with 3% and 6% CMC binder,

assuming a powder velocity of 1 mrs.

size

t A�d2 5Ž .p d

The values of � were estimated from the mean granule size
d and geometric standard deviation s and dividing by theg g
drop size

d q1.96 �10Sg dg 95
�s s 6Ž .

d dd d

The data used is summarized in Table 8 and the data is plot-
ted on the regime map in Figure 9. The data covers spray
flux values between � s0.1 to � s0.3 and the rough esti-a a
mate of relative penetration time covers two orders of magni-
tude.

For the 3% CMC binder, the spread of the distribution
increases steadily from �s2.5 to �s4.5 as � increases.a
However, the more viscous 6% CMC solution has a constant
value of � which is unaffected by changing spray flux. De-
spite assumptions in the analysis, the fluid-bed granulation
data confirms the general applicability of the nucleation
regime map concept and demonstrates that the nucleation
regime map is independent of granulator type and operation.

Implications for Scale-Up
The nucleation regime map has important implications for

granulation design and process scale-up. When working with
a fast penetrating fluid, generally with a low viscosity, opti-
mization of the liquid delivery is important. Calculating �a
and ensuring that it is as close as possible to the drop con-
trolled regime � f0.1 will allow a much more reproduciblea
nuclei distribution.

When nucleating in the drop controlled regime, it is impor-
tant that the spray characteristics are well known and that
the spread of the drop size distribution is narrow. The nuclei
formed under drop controlled conditions can only be as nar-

rowly sized as the original drop distribution. Nozzle charac-
teristics appear to be poorly understood in the granulation
literature and in industrial practice, and many industrially
available nozzles produce poor drop size distributions for
granulation purposes. The use of controlled drop distribu-
tions in granulation has been the focus of Schaafsma et al.
Ž .1999, 1998a, 2000 who have designed and tested a nozzle
which produces monosized drops by piezo-electric distur-
bance. A shower head of monosized jets has been suggested

Ž .by Brenn et al. 1997 . These new drop generators are not yet
industrially available, but will become a useful and flexible
means of generating sprays in the future.

In contrast, for a slow penetrating system with a viscous
binder, high contact angle, and so on, mechanical dispersion
is the key to controlling the process and granule attributes.
Variables such as impeller and chopper speeds, fluidization
velocity, and granulation time will be most important. Spray
characteristics have a minor influence in the mechanical dis-
persion regime as the drops will tend to pool on the surface
of the powder while slowly penetrating. On a sloped surface
such as found in mixers, the binder may run down towards
the center and onto the exposed impellers, providing me-
chanical binder dispersion. The controlling mechanisms in the
mechanical dispersion regime are still being investigated.

It is important to remember that the nucleation regime map
characterizes the nucleation zone only, where the liquid and
powder first come into contact. After the powder leaves the
nucleation zone, it enters the mixing zone of the granulator
where it is subjected to collision and shear forces. These
forces may be great enough to break the nuclei formed in the
nucleation zone, or attrition may remove the outer shell of

Ž .spreading nuclei Vonk et al., 1997 . A breakage regime map
and a solid understanding of granulator flow regimes are
needed in order to describe the subsequent processes that
occur to the nuclei or granules during mixing, agitation, and
shear.

Conclusion
The nucleation regime map clearly demonstrates the inter-

action between drop penetration time and spray flux in nu-
cleation. At short drop penetration times, such as the water
and lactose system, decreasing � causes a shift towards thea
drop controlled regime and a narrower nuclei distribution.
High � leads to broad size distributions due to overlappinga
droplets in the nucleation zone. When the drop penetration
time is long, changes in spray flux have no effect. Viscous
liquid takes a long time to penetrate into the powder, even
when delivered as a finely dispersed spray. If either the spray
flux or drop penetration time is high, the liquid drops merge
together and pool on the powder surface. Granulation may
still be successful if the mechanical dispersion forces are able
to break up the binder clumps and distribute the liquid
through the powder.

Further experiments to validate the nucleation regime map
with different powders and binders in several different granu-
lators will help define the limits of the nucleation regime map.
The controlling mechanisms in the mechanical dispersion
regime need to be identified, and the knowledge of the circu-
lation time in the granulator is required in order to compare
maps in different equipment.
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The nucleation regime map should prove to be a useful
tool for maintaining effective liquid distribution during scale-
up, as well as a useful troubleshooting tool. It allows the
dominant mechanism controlling the nucleation process to be
easily identified using relatively simple parameters. Once the

Žcontrolling parameter is identified such as in the drop con-
trolled regime spray rate, and drop size are two important

.variables , a rational approach can be used to control nuclei
properties.
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