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This paper addresses fluid-bed melt granulation (FBMG) for seeds and a binder of the same chemical nature, i.e.
with an identical melting point. The purpose of this work is to study the impact of seed size, bed temperature,
binder flowrate, and fluidization and atomization air flowrates on process parameters, such as mass balance
closure, fines deposited on granulator walls and granulation efficiency, and on product properties, such as
particle size distribution, percentages of particles effectively coated or agglomerated and granule crushing
strength, among others. This is done to find the operating regions capable of avoiding lump formation or
out-of-specification granule production. This work is focused on operating conditions and seed diameter ranges
not addressed before. In particular, relatively large seed particles compared to the size of the droplets, high
binder/seed mass ratios, and bottom spray are used. The specific method proposed to characterize the granular
product into three categories (fines, pure coated particles, and agglomerated/coated granules), allowed to
identify the main growth mechanisms for an extended range of operating conditions and seed sizes. The
agglomeration rate was found to increase by decreasing the fluidization and atomization air flowrates and the
bed temperature, as well as by increasing the binder flowrate. The agglomerated mass fraction presented a
non-monotonic behavior as a function of the seed diameter, with a minimum at a seed mean diameter of
about 0.26 cm. Even though the operating variableswerewidely disturbed, themain particle growthmechanism
was pure coating for all the tested conditions. In fact, coated particles accounted for more than 68 wt.% of the
granular product. As a result, the final mass median size remained almost constant for all the studied cases. On
the other hand, the span of the particle size distribution was extremely sensitive to the selected operating
conditions. This contribution provides some valuable guidelines to avoid agglomeration in melt granulation
processes designed to produce coated granules.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Among the processes handling particulate systems, granulation is a
widely-used unit operation for particle enlargement. Granulation
allows the production of granules with well-defined particle size
distributions and shapes for many industries such as pharmaceutical,
agrochemical, detergent, and food industries, among others [1,2].

Typically, three components are needed to produce granules: initial
seeds or nuclei, mixing, and a binder. The seeds are always agitated in
order to achieve a good binder distribution. Depending on the mixing
principle, granulators are often classified into mechanical (e.g., pans,
drums, high shear granulators) or pneumatic (fluidized-bed granula-
tors) agitated units [3]. Fluidized-bed granulators (FBG) offer some
advantages with respect to other granulation systems, such as the
simultaneous spraying, granulation, drying and/or cooling stages, and
control, within certain limits, of the granule physical properties by
manipulation of some operating variables [4].

Granulation processes are usually also classified according to the
binder nature as: wet, dry or melt. In wet granulation, the liquid binder
(a solution or dispersion) is distributed on the seeds and, subsequently,
the granules are dried to evaporate the solvent. In dry granulation, fine
solid particles are added to the agitated seed bed and the powder adher-
ence is promoted by Van der Waals or electrostatic forces [5]. In melt
granulation, powders are enlarged by using meltable materials. These
last binders are added to the systems either as: 1) powders that melt
during the granulation process or 2) atomized molten liquids [6]. The
first melt granulation technique is usually called co-melt or in situ
melt granulation [7], while the second method could be referred as
spray-on melt granulation [8]. Certainly, co-melt granulation is not
applicable to those systems in which seeds and binder have similar
melting temperatures.

In the past, wet granulation has been widely used. Therefore, the
number of articles related to wet granulation processes is quite large.
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In the particular case of FBGs, Smith and Nienow [9], Pont et al. [10] and
Hemati et al. [11], among others, studied the influence of process
variables and seeds/binders physicochemical properties on particle
growth kinetics when aqueous solutionswere sprayed on beds of solids
fluidized by hot air. These experimental studies revealed that many
variables affect particle growth mechanism: binder (composition,
viscosity, surface tension, flowrate, droplet size) and seed properties
(size, shape, porosity), atomization andfluidization air flowrates, nozzle
location, bed temperature, etc. Among other variables, the dependence
of particle growth regime (agglomeration or coating) and growth rate
on excess gas velocity (i.e., the difference between actual andminimum
fluidization velocities), was empirically established. Forwet granulation
and low excess gas velocities, agglomeration was identified as themain
particle growth mechanism. For higher gas velocities, the circulation
rate of particles increased, thus improving liquid distribution on seed
surface and reducing bed quenching by formation of large agglomer-
ates. Moreover, higher gas velocities increased the frequency and
energy of inter-particle collisions and particle-wall impacts, breaking
the binder solid bridge that may have been formed between primary
seeds [9,11]. The same qualitative effect of the fluidization velocity
was observed, through experimental work, for different materials and
granulator operating variables. However, growth regimes were found
to be sensitive to the product and type of granulation unit [8,12,13]. In
order to generalize the findings of many authors about wet granulation,
the paper published by Ennis et al. [14] was undoubtedly a major turn-
ing point. This author proposed a physical-based model for predicting
the granules growth behavior. Even though this model is simple and
based onmany assumptions, it is still helpful to predict growth regimes
using measurable variables.

Nowadays, research in melt granulation has become of interest for
many applications. This process is considered amore attractive strategy
than wet granulation for those materials that are incompatible with
water; completely avoiding the use of solvents and the disadvantages
associated with solvent recovery and final disposal, and minimizing
the energy cost related to solvent evaporation [7,15].

Depending on granules requirements, either agglomeration or
coating may be preferred; therefore, understanding the mechanisms
prevailing in the granulation process is a prerequisite for obtaining
proper control over product properties [16]. Unfortunately, the theories
developed for wet granulation are not fully appropriate for describing
fluidized-bed melt granulation (FBMG). Consequently, many authors
have focused on revealing the influence of some of the most important
experimental variables on product quality.

For co-melt granulation, Zhai et al. [6,17] together withWalker et al.
[7,18,19] explored the effect of granulation time, binder/granule mass
ratio, binder viscosity, and size of the seeds on the granule final size
and growth mechanisms. Additionally, Mangwandi et al. [20] investi-
gated the effects of fluidization air velocity, fluidization air temperature
and granulation time on granule size, particle size distribution, granule
homogeneity and strength.

With regard to spray-on melt granulation, Abberger et al. [15],
Boerefijn and Hounslow [16], Seo et al. [21] and Tan et al. [22] studied
the effects of binder spray rate, droplet size, seed size, bed temperature,
atomization air pressure and fluidization air velocity on the perfor-
mance of fluidized-bed melt granulation. The studies mainly consisted
in in situ or top spray-onmelt granulation based on polyethylene glycol
(PEG) or Poloxamer (eithermelted or as solid particles) asmodel binder
and glass ballotini or lactose as seeds. In addition, all these processes
involved seeds of a very small size, mostly from 0.003 to 0.035 cm.
Moreover, for spray-on systems, seed sizes were similar to or even
smaller than the sprayed binder droplets. Therefore, particles grew
preferentially by agglomeration, being the growth by pure coating
insignificant. Even though the conclusions of these studies provide
valuable insights into the field of melt granulation, they cannot be
applied straightforward to the production of relative big granules
through coating.
It is important to note that the granulation process is considered as
one of the most significant breakthroughs in the fertilizer industry,
providing products with higher resistance and lower tendency for
caking and lump formation. In particular, granular urea is the most
widely consumed nitrogen-based fertilizer, being critical in themodern
agriculture scenario [23]. Industrial urea granulation is mainly
performed in fluidized beds [2], which use a highly concentrated urea
solution as binder (basically molten urea) sprayed from the bottom.
Urea seeds are quite large (about 0.2 cm) and, for some technologies,
the binder droplets are significantly smaller than the initial nuclei.
Due to the high industrial production rates, high urea melt to seed
mass ratios are required (about 50%). In the industrial practice, short
granulation times are used and coating is the preferred size enlarge-
ment mechanism [24–26].

Based on microscopic observations, Chua et al. [27–29] estimated
the time scale of granule–granule collision, droplet–granule collision,
and droplet spreading in fluidized-bed melt granulation. They found
that the relative importance of these characteristic times had an effect
on particle growth mechanisms. However, many of the variables
involved in the different time scales came from simulations carried
out using computational fluid dynamics (CFD), which allowed to obtain
droplet and particle trajectories and velocities; or microscopic determi-
nations such as liquid–solid contact angles, restitution coefficients,
instantaneous droplet and particle temperature, etc. The determination
of these characteristics times and microscopic parameters is important
for establishing the kinetics of the different growth mechanisms
(i.e., agglomeration, coating, breakage) required to solve the population
balance equation together with the mass and energy balances, in order
to predict the product particle size distribution.

This paper is rather focused on the analysis of experimental data
from a macroscale point of view, with the purpose of elucidating the
effect of the main operating variables on growth mechanism and prod-
uct quality. This approach is selected, as a first step, because industrial
urea granulators aremainly operated by trial and error, being undesired
shutdowns quite common and frequent due to big lump formation and
out-of-specification final product [30]. Granulation upsets cause
important production losses; therefore, macroscopic studies about the
influence of operating conditions on growth mechanisms can be useful
to make quick decisions in the operation of large-scale urea facilities.

Summarizing, it is the aim of this paper to contribute to a better
understanding of the melt granulation process in fluidized beds by
varying operating conditions and seed properties in ranges different
from those previously reported (i.e., relatively large seed particles
compared to the size of the droplets, high binder/seed mass ratios
and bottom spray FBMG). The present work deals with a urea
(seeds)–urea (binder) system in an attempt to study the impact of
seed size, bed temperature, binder flowrate, and fluidization and
atomization air flowrates on process parameters (mass balance closure,
fines deposited on granulator walls, and granulation efficiency) as well
as on product properties (among others, particle size distribution, per-
centage of particles effectively coated or agglomerated and granule
crushing strength) in order to distinguish the operating regions to
avoid lump formation or production of granules with low crushing
strength. Particularly, in this work growth mechanisms are elucidated
by the analysis of the final mass fractions of pure coated particles,
agglomerated/coated granules and fine particles.

2. Particle size changemechanisms in fluidized-bedmelt granulation

Tan and co-workers [31–33] and Chua et al. [27] reported possible
growth and breakage mechanisms that can occur during fluidized-bed
melt granulation. Based on the acknowledged feasible growth mecha-
nisms and the observed experimental evidences for urea granulation,
Fig. 1 shows a scheme of the microscopic events that can occur during
the process (considering that urea is sprayed at around its melting tem-
perature, 132 °C, and the bed is maintained at approximately 100 °C



Fig. 1. Schematic of probable microscopic events occurring during urea melt granulation.
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[2]). It is worth to remark that the seeds are about 40 times bigger than
the urea melt droplets; therefore, Fig. 1 is not representative of the true
particles/droplets scale. Some of the smallest droplets may be not cap-
tured by the seeds and, thus, be rapidly converted to fine powder
(event 1), which could be entrained or recaptured by the solids bed.
Event 2 corresponds to the droplet–particle collision; as it can be seen,
the liquid binder on the seed surface could either solidify before any
other granule touches the wet one (event 3) or get in contact with an-
other particle (event 4). The agglomeration could be successful (event
5) or, depending on the binder solidification rate, the liquid bridge
could break (event 6). Finally, and according to the fluidized-bed turbu-
lence, agglomerated particles could be separated through event 7. For
the production of urea granules, path 3 is clearly the desired growth
Fig. 2. Schematic representation
mechanism. In order to avoid an exponential granule growth (agglom-
eration, i.e., event 5 of Fig. 1) and an eventual bed defluidization (known
as bed quenching), the operating variables have to be carefully selected.

3. Materials and methods

3.1. Equipment

A schematic diagram of the experimental device is shown in Fig. 2.
The experiments were carried out in a batch fluidized-bed granulator
constituted by a stainless steel bottom conical vessel (1), which is in-
clined 6° with respect to the vertical axis (see Table 1), and a cylindrical
column (6) on top of it. The air distributor is a stainless steel perforated
of the experimental set-up.



Table 1
Granulator geometrical parameters and material properties.

Description Symbol Value

Geometrical Parameters
Conical section height (cm) Hco 70
Cylindrical section height (cm) Hcy 45
Bottom diameter (cm) Dbot 15
Top diameter (cm) Dtop 30
Angle (°) γ 6
Urea
Solid density (g/cm3) ρp 1.33
Melt density at 122 °C (g/cm3) ρl 1.21
Melting temperature (°C) Tmelt 132
Air (standard conditions)
Density (g/cm3) ρa 1.20 ∙ 10−3

Viscosity (poise) μa 1.81 ∙ 10−4
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plate (2) of 0.3 cm thick with a porosity of 6% (156 holes, 0.3 cm each
hole diameter), covered by an ASTM #30 mesh stainless steel screen
in order to prevent solid particles from flowing back into the space
below the distributor. The fluidization air was supplied by a centrifugal
blower (3). Before entering the bed, the fluidization air flowrate was
measured by an orifice flow-meter (4) and preheated by an electrical
heater (9 kW) (5) to maintain the bed temperature at the desired
level. The bed and grid pressure drops were continuously measured
by differential pressure instruments or, alternatively, manually by
water U-tube manometers. The elutriated fine particles were collected
by a set of three filter bags located at the top of the fluidized-bed free-
board (6). These filters were periodically blown back by air pulses to
disengage the particulate matter. The feed (urea melt) was prepared
in an oil-heated tank (7) by typically adding 1000 g of urea, a very
small volume of water to reach the desired high urea concentration
(usually about 97 wt.%) and a tiny amount of food dye to easily monitor
the fluidized-bed granulation through the unit observation window.
The urea melt tank was placed on a scale and kept at constant temper-
ature (≈130 °C). The urea melt was delivered to an internal mixing
two-fluid spray nozzle (8), whichwas located just above the air distrib-
utor, by means of a given compressed air flowrate that was preheated
up to 130 °C in an oil reservoir before entering into the urea solution
tank (9). The atomization air was also preheated and its flowrate was
controlled and measured by a valve and a rotameter, respectively. The
external tube-skin temperature of the urea line (from the hot container
to the spray nozzle) was controlled through an electric heat tracing sys-
tem. A Programmable Logic Control system (PLC) was used to register
and control several process variables.
3.2. Experimental procedure

For each run, a batch of approximately 2000 g of urea seeds ðMuo Þ
with a given size was initially charged into the bed chamber. The seed
size distributions were narrow and obtained by sieving commercial
urea particles through two contiguous ASTM sieves with a 21/4 geomet-
ric ratio (for further details, see Table 3). The seeds were fluidized with
hot air until the desired bed temperature level was achieved. Then, the
urea melt was sprayed at a constant mass flowrate. This flowrate was
computed from the linear time profile of the recorded urea container
weight. Once the binder spraying was stopped, the granules were im-
mediately cooled down using air at room temperature. The collected
granular product ðMuf Þ was set aside for further characterization. After
each experiment, the powder deposited onto the granulator walls and
the fines collected in the filter bagswereweighted formass balance clo-
sure calculations. Several experiments were performed to understand
the effects of different operating variables on the growth mechanisms,
granulation efficiency and granule final properties. To this end and as
it can be seen in Table 2, the superficial fluidization air velocity (vf) at
standard conditionswas varied from 217.8 to 446.3 cm/s, the arithmetic
massmean diameter of the urea seeds (d0) from 0.155 to 0.368 cm (see
also Table 3), the ureamelt flowrate (Ṁmelt) from4.5 to 17.4 g/s, the bed
temperature set-point (Tbed) from 90 to 110 °C and the atomization air

flowrate ðQ� aÞ from 417 to 667 cm3/s.

3.3. Granular product and process characterization

3.3.1. Droplet sizes
No direct measurements of droplet sizes were performed. For

some representative experiments, the melt was sprayed in an
empty bed and the product fines analyzed by laser diffraction
(Laser Diffraction Particle Size Analyzer LA-950, HORIBA). The mass
median of the fines was always below 59 μm. Assuming that:
a) each particle of the fines was generated by a single spherical
droplet of the same urea mass, b) the melt and solid densities reported
in Table 1 and c) considering an average urea content Xu = 0.97, the
mass median of the droplet diameter was expected to be lower than
61.5 μm. Hence, the seeds were at least about 40 times bigger than
the expected droplet size.

3.3.2. Particle size distributions
The particle size distributions (PSDs) were evaluated for the solids

collected at the end of the experiments (i.e., final granular product). A
riffle splitter was used to accurately divide the total sample (about
3000 g) into representative samples. A batch of 800 g was sieved in a
vibratory sieve shaker (Zonytest, Argentina). A series of nine ASTM
standard sieves (#4, 5, 6, 7, 8, 10, 12, 14 and 16) was employed. The
sample was shaken for 20 min at about 2400 strokes per minute.

3.3.3. Representative sizes
To analyze the final product granulometry, the representative sizes

d10, d50 (median mass size) and d90 were calculated from the normal-
ized cumulative mass passing distributions. d10, d50 and d90 represent
the opening sizes that would let pass 10, 50 and 90 wt.% of the sample,
respectively.

3.3.4. Process fines mass fractions and mass balance closure
Fig. 3 shows a schematic of the urea mass balance at the end of the

experiments. The process fines (i.e., fines not collected within the
granular product) were grouped into the following two categories:

• Wall fines mass fraction (Fw): represents the mass percentage of total
powder deposited onto the granulator walls with respect to the
sprayed urea.



Table 2
Operating conditions.

Variable Symbol Base case Case I Case II Case III Case IV Case V Case VI

Urea flowrate (g/s) Ṁmelt 4.6 5.0–16.5 4.0–17.4 4.6 ± 5.6% 4.6 ± 5.9% 4.6 ± 5.5% 4.5 ± 5.7%
Fluidization air velocity⁎(cm/s) vf 300 395.0 ± 1.6% 305.7 ± 1.4% 217.8–446.3 297.8 ± 3.0% 301.2 ± 1.8% 302.7 ± 1.9%
Atomization air flowrate#(cm3/s) Q

�

a
500 500 500 500 417.0–666.7 500 500

Seed arithmetic mean diameter (10−1cm) d0 2.59 2.59 2.59 2.59 2.59 1.55–3.68 2.59
Bed temperature set point (°C) Tbed 100 100 100 100 100 100 90–110
Feed urea concentration (wt.%) Xu 97 97.3 ± 0.5% 96.9 ± 0.3% 96.3 ± 0.4% 96.5 ± 0.4% 96.3 ± 0.4% 96.6 ± 0.4%
Initial mass (g) Mu0 2000 2000 2000 2000 2000 2000 2000
Maximum sprayed urea mass (g) Mus 1000 1000 1000 1000 1000 1000 1000

⁎ At standard conditions.
# At 130 °C and 3 bars.
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• Filter-bags fines mass fraction (Ff): represents the mass percentage of
powder retained in the filters with respect to the sprayed urea.

To perform the mass balance closure, the granulation efficiency was
defined as:

η ¼ Muf−Mu0

M
�

meltXut
:100 ð1Þ

where t and Xu represent the total duration of the urea spraying and the
binder urea content, respectively.

Therefore, the total mass balance was given by:

100 ¼ F f þ Fw þ Flost þ η ð2Þ

where Flost represents the mass percentage of lost urea with respect to
the total sprayed urea, and was calculated from Eq. (2).

3.3.5. Granular product size fractions
According to Fig. 3, the final granular product was represented by

three mass fractions:

• Product finesmass fraction (Fp): represents themass percentage of par-
ticles smaller than the seeds with respect to the total final granular
product. Laser diffraction analysis of the collected product fines
(base case) revealed that their sizes were between 32 and 75 μm;
i.e. very fine powder.

• Product agglomerated mass fraction (A): represents the mass percent-
age of agglomerated particles with respect to the final mass of granu-
lar product. When agglomeration took place, the total mass retained
on some sieves corresponded to agglomerated particles while other
meshes retained both, pure coated particles and small agglomerates.
For these cases, a riffle splitter was used to subdivide the retained
mass, and the agglomerates were recognized by visual inspection
and quantified by weighting.

• Product pure coated mass fraction (C): denotes the mass percentage of
pure coated particles, and was calculated as follows:

C ¼ 100−A−Fp: ð3Þ
Table 3
Case V: Seed sizes.

Case ASTM lower mesh ASTM upper mesh

V.1 6 5
V.2 7 6
V.3 8 7
V.4 10 8
V.5 12 10
V.6 14 12
3.3.6. Granule moisture content
Representative granule samples of 10 g (immediately collected after

each granulation run) were dried at 95 °C for 9 min in an Ohaus MB45
moisture analyzer. This treatment profile was defined, using some se-
lected samples, to reproduce the moisture content measured by the
Karl–Fisher method. The moisture content was determined in
triplicates.

3.3.7. Granule crushing strength
A testing machine Instron model 3369 in compression mode at a

speed of 2mm/minwas used. For each experiment the crushing strength,
which is affected by the granule size, was measured for the product par-
ticles that were trapped in the upper mesh of the seed size range to en-
sure the evaluation of equal-size granules. For example and according
to Table 3, when seeds between ASTMmeshes #7 and #8 were selected,
the tested granules were the ones trapped in the apertures of mesh #7.
For each sample, twenty measurements were performed.

3.3.8. Particle morphology
The morphology of the external surface and cross-sectional cuts of

some selected granules were assessed in an EVO 40-XVP, LEO Scanning
Electron Microscope (SEM). The samples were previously metalized
with gold in a PELCO 91000 sputter coater.

4. Population balance equation for pure coating growthmechanism

An appropriate modeling approach to predict PSDs is the concept of
population balance equation (PBE), which was developed several de-
cades ago [34]. Significant efforts were those of Randolph and Larson
[35] and Ramkrishna [36] to formalize a generic PBE by quantifying
thedifferentmechanisms bywhich the particle sizes can change. In gen-
eral, the PBE has no analytical solution; therefore, numerical methods
are required for precise calculation of the PSDs. However, for a
perfectly-mixed batch granulator wherein the only particle size change
mechanism is coating, the PBE can be described as a parameterized
equation [36,37]:

dF 0

dt
¼ 0 ð4Þ
Lower aperture, cm Upper aperture, cm d0, cm

3.36 ∙ 10−1 4.00 ∙ 10−1 3.68 ∙ 10−1

2.80 ∙ 10−1 3.36 ∙ 10−1 3.08 ∙ 10−1

2.38 ∙ 10−1 2.80 ∙ 10−1 2.59 ∙ 10−1

2.00 ∙ 10−1 2.38 ∙ 10−1 2.19 ∙ 10−1

1.68 ∙ 10−1 2.00 ∙ 10−1 1.84 ∙ 10−1

1.41 ∙ 10−1 1.68 ∙ 10−1 1.55 ∙ 10−1



Fig. 3. Urea mass balance at the end of the experiments.
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dd
dt

¼ G ð5Þ

where F′ and d represent the normalized cumulative number passing
function and the particle diameter along the characteristic curve,
respectively. G is the coating growth rate, i.e., the rate at which the par-
ticles grow by coating. The growth rate is usually assumed independent
of the particle sizes and is expressed as follows [5]:

G ¼ η
2M

�

meltXu

ρpAT
ð6Þ

where AT is the particles total external surface area and, as aforemen-
tioned,Ṁmelt is the ureamelt flowrate and Xu is the binder urea content.
Due to the granules growth, AT increases as coating takes place; there-
fore, G becomes time dependent. By replacing Eq. (6) in Eq. (5), the fol-
lowing equation can be used to predict the particle size distribution as
granulation proceeds:

d
0
i tð Þ ¼ d

0
i 0ð Þ þ

Zt

0

η
2M

�

meltXu

ρpAT
dt ð7Þ

On the other hand, the solution of Eq. (4) leads to:

F
0
i tð Þ ¼ F

0
i 0ð Þ ð8Þ
Fig. 4. Normalized cumulative number passing distribution (F′) for seeds and granular
product as a function of the particle size.
Eqs. (7) and (8) represent the PBE solution, which indicates that the
granular product number PSD is defined by the seed PSD shifted to
larger particle diameters (Eq. (7)) [36,38]. Fig. 4 schematically shows
the number PSD evolution.

In the present work, the thickness of the coating layer was very low
compared to the seed size; therefore, the total external area of the
particles can be assumed constant during the experiments and equal
to the initial one. Then, Eq. (7) can be rewritten as:

d
0
i tð Þ ¼ d

0
i 0ð Þ þ η

2M
�

meltXut
ρpAT0

: ð9Þ

The initial external area of the particles AT0 is given by:

AT0 ¼ N0 πdSN0

2 ð10Þ

where dSN0 is themean surface-number diameter and N0 represents the
total number of seeds. N0 can be calculated through the following
equation:

N0 ¼ 6 Mu0

ρp πdNV0

3 ð11Þ

where dNV0 denotes the seed mean number-volume diameter. Taking
into account Eqs. (10) and (11) and that the seed PSD is very narrow

(i.e., dNV0≈dSN0≈d0), Eq. (9) becomes:

d0i tð Þ ¼ d0i 0ð Þ þ d0 η
M

�

meltXut
3 Mu0

: ð12Þ

If the class i is named by its Fi′ value, Eq. (12) can be used to calculate
the representative diameters of a number PSD:

d010 tð Þ ¼ d010 0ð Þ þ d0 η
M

�

meltXut
3Mu0

ð13Þ

d050 tð Þ ¼ d050 0ð Þ þ d0 η
M

�

meltXut
3Mu0

ð14Þ

d090 tð Þ ¼ d090 0ð Þ þ d0 η
M

�

meltXut
3Mu0

: ð15Þ

It was proved (data not shown) that for the experimental growth
rates (lower than 0.04 cm/s), the normalized cumulative number



Fig. 6. Cases I and II. Granular product size fractions as a function of the binder flowrate
(solid points: 400 cm/s; open points: 300 cm/s).
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passing distributions were very similar to the normalized cumulative
mass passing PSDs. Therefore, Eqs. (13)–(15) can also be applied to cal-
culate the representative diameters for mass PSDs (i.e., d10, d50 and d90),
which will be used to discuss the experimental results.

5. Results and discussions

Based on the experimental results, a base case of high granulation
efficiency and granules growth by pure coating was selected. The pro-
cess conditions for this base case are listed in Table 2. These conditions
were disturbed to study the effect of the binder flowrate (Cases I and II),
fluidization air flowrate (Case III), atomization air flowrate (Case IV),
seed size (Case V) and bed temperature (CaseVI) on process parameters
and product properties. For each study case, all the remaining process
conditions were kept constant at their base case values.

5.1. Effect of melt flowrate

For two levels of fluidization air velocity (400 cm/s: Case I and
300 cm/s: Case II), the influence of themelt flowrate on the granulation
process was studied.

Fig. 5 shows, for Case I, the granulation efficiency together with the
wall and filter-bags fines mass fractions. For this case, the mass lost
during the experiments was in average 2.8 wt.%, value that indicates a
good mass balance closure. Considering that Flost was nearly constant
for all the experiments, Eq. (2) indicates that a decrease in the granula-
tion efficiency due to an increase in the binder flowrate should be
accompanied by an increase in the process fines mass fractions, as
shown in Fig. 4. The filter-bags fines were substantially higher than
the ones collected from the granulation chamber wall. However, for

melt flowrates varying between 5 and 17 g/s, the mass fraction F f

Fw

changed from 13 to 3, respectively. This result indicates that the wall
fines (Fw) increased at a rate higher than the elutriated ones (Ff). The
amount of molten liquid on the particle surface is expected to increase
for higher melt flowrates; therefore, the solidification time should
increase. Under these conditions, the particles may collide with the
chamber wall when they are still wet, increasing the probability of
material adhesion on the unit wall. It is also observed that the higher
themelt flowrate the higher thefilter-bags fines; this behavior indicates
that a higher mass fraction of solidified droplets (event 1, Fig. 1) was
elutriated out of the granulator.

Changes on the fluidization velocity from 400 to 300 cm/s gave the
same trends for the variables shown in Fig. 5. However, for 300 cm/s
(data not shown) the wall fines were higher compared to those found
for 400 cm/s, result that is in good agreement with the fact that the
Fig. 5. Case I. Granulation efficiency and process fines mass fractions as a function of the
binder flowrate.
lower the air velocity the lower the solidification rate, and therefore
the higher the probability of wet material adhesion on the granulation
chamber walls.

For Cases I and II, the granular product size fractions as a function of
the melt flowrate are shown in Fig. 6. For the explored conditions, the
product fines mass fractions were negligible, representing less than
2 wt.% of the total granular product. For a constant fluidization velocity,
as the binder flowrate increased, the interparticle interactions by forma-
tion of liquid bridges were favored leading to higher agglomerate mass
fractions (events 4 and 5, Fig. 1). Consequently, the fraction of pure coat-
ed particles decreased. The product characterization (C, A and Fp mass
fractions) according to the size enlargement process, allows identifying
the operating conditions for which pure coating evolves to a combined
coating/agglomeration growth mechanism. Comparing Cases I and II, it
is clear that this transition occurred at higher melt flowrates when
higher fluidization velocities were used.

Fig. 7 presents mass fraction histograms for the seeds and some
representative granular products (Case I at two different melt mass
flowrates). Besides, some granule pictures are included to illustrate
the qualitative aspect of the different cut sizes. According to Fig. 6, for
Case I with a binder flowrate of 5 g/s, pure coating took place. Consider-
ing that: a) the seeds belonged to the size class 0.238–0.28 cm, b) the
experimental granulation efficiency was around 92% (see Fig. 5) and
c) the hypothesis of a perfectly-mixed granulator, Eq. (12) allows estab-
lishing that the final granule size range should be 0.27–0.32 cm. Exper-
imentally, 86% of the total mass of the granular product was distributed
between the size ranges 0.238–0.28 and 0.28–0.336 cm, and only the
remaining 14% corresponded to 0.336–0.4 cm. This result indicates
that there was not a very significant deviation of the granulator flow
pattern with respect to the perfect mixing model. On the other hand,
for a melt flowrate of 16.5 g/s, Fig. 6 indicates that the agglomerates
accounted for 30% of the total product mass. Consequently, the total
particle number decreased with respect to the initial seed number; for
this case, Eq. (12) is not valid and therefore the final product size
range cannot be easily predicted. In fact, the particle size distribution
for a melt flowrate of 16.5 g/s was wider than the one corresponding
to 5 g/s. The pictures included in Fig. 7 show that for the highest melt
flowrate, particles grew by a combined agglomeration-coating process
for sizes higher than 0.336 cm. Nevertheless, for both melt flowrates,
high mass fractions (higher or equal to 50%) of pure coated particles
within the size range 0.28–0.336 cm (mean size of 0.31 cm) were
observed.

To compare the particle size distributions for all the tested binder
flowrates and fluidization velocities (Cases I and II), Fig. 8 shows the
d10, d50 and d90 sizes obtained from the sieving data. Even though
different growth mechanisms took place, for all the melt flowrates and



Fig. 7. Case I. Mass fraction histograms for different binder flowrates.
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fluidization velocities, d10 and d50 were almost constant and close to
0.27 and 0.31 cm, respectively. However, when agglomeration became
an important growth mechanism, d90 was strongly affected by both
the binder mass flowrate and fluidization velocity.

Considering agglomeration as themain growthmechanism and for a
constant ratio between the added binder and seed mass, Tan et al. [22]
observed that the population mean diameter was not affected by the
binder flowrate. The findings of this contribution are then in good
agreement with the results previously reported, even when not only
agglomeration takes place and for seed/droplet size ratios much
larger than those used by Tan et al. [22]. It is very important to
point out that for systems where either pure coating or combined
coating/agglomeration may occur, as the one studied in this work, the
mean diameter (e.g. d50) does not allow concluding the prevalence of
any growth mechanisms. Although the melt flowrate did not affect
the populationmean size, it significantly influenced the growthmecha-
nisms even for a constant binder/seed mass ratio.

In order to describe the granulator fluidization dynamics, Fig. 9
shows the ratio between the fluidization (vf) and theminimum fluidiza-
tion (vmf) velocities for different representative particle sizes. The con-
stant lines represent the relationships between the fluidization
velocities used in this analysis (i.e., 300 and 400 cm/s) and the experi-
mental vmf measured in the fluidized bed when it was loaded with
Fig. 8. Cases I and II. Representative diameters as a function ofṀmelt (solid points: 400 cm/
s, open points: 300 cm/s).
seeds of 0.259 cm. For each studied binder flowrate, Fig. 9 also displays
the relationships ðvf =vmf Þjd50 and ðvf =vmf Þjd90 . The characteristic sizes

d50 and d90 were estimated from the experimental sieving data of the
granular product, while the corresponding vmf were calculated values
[1]. As it can be seen in Fig. 9, the selected fluidization velocities were
about 4.8 and 3.6 times the vmf measured for the seeds, indicating
good fluidization at the beginning of the experiments. For particles
sizes equal to d50, the fluidization velocities of 300 and 400 cm/s were
about 3 and 4.2 times bigger than the corresponding vmf, respectively.
As the binder flowrate increased, the ðvf =vmf Þjd90 ratio decreased

significantly. Particularly, for 300 cm/s the ðvf =vmf Þjd90 ratio became

equal to 1 for highmelt flowrates. This result indicates poor fluidization
conditions, which may contribute to the increase in the agglomeration
rates with respect the coating ones.

Regarding the coated granules properties, Fig. 10 shows the particle
moisture content and crushing strength as a function of the melt
flowrate. For a constant fluidization air velocity (e.g., 400 cm/s), the
moisture content increased with the binder flowrate (for a fixed Xu,
the higher the binder flowrate, the higher the water loading). In
agreement with the results reported by Walker et al. [39], the fertilizer
Fig. 9. Cases I and II. Fluidization velocity to minimum fluidization velocity ratio for differ-
ent particle diameters as a function of the binder flowrate.



Fig. 10. Case I.Moisture content and crushing strength as a function of the binderflowrate.
Fig. 12. Case III. Granular product size fractions as a function of the fluidization air velocity.
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granules with higher water contents exhibited lower crushing strengths.
Nevertheless, the coated particles fulfilled the fertilizer granule require-
ments (i.e., moisture content lower than 0.5 wt.% and crushing strengths
higher than 1.5 kgf [40]).

Concerning the granules morphology, Fig. 11 presents SEM micro-
graphs for Case II and a binder flowrate of 10.9 g/s. Fig. 11a shows a
rounded coated particlewith amean size of 0.298 cm,while Fig. 11b de-
picts the cross-sectional morphology of a selected granule. The seeds,
which are the core of the coated particles, corresponded to industrial
granular urea. Considering the seed size of about 0.259 cm and the
final granule diameter of 0.298, the expected growth thickness of
190 μm is in good agreement with the mean experimental thickness
shown in Fig. 11b (195 μm).

5.2. Effect of fluidization air velocity

The fluidization air velocity was recognized by several authors as a
very important operating variable to control the particles growthmech-
anisms, either for wet [9,11] or melt granulation [22]. For this reason, in
this work vf was approximately modified from 220 to 450 cm/s. The
lowest and the highest values were about 2.6 and 5.4 times the seeds'
minimum fluidization velocity. The minimum fluidization velocity was
experimentally determined by registering the bed pressure drop as a
function of the superficial air velocity at the bottom of the conical unit.
Through this procedure, a value of 0.82 m/s for vmf was obtained for
Fig. 11. Case II. SEM micrographs: a) coated granule
the base case. Experiments at even lower velocities were also per-
formed; however; bed defluidization was observed for ðvf =vmf Þjd0
lower than 2.

As for the other cases, the influence of the fluidization air velocity on
both the granulation process and product quality was analyzed. The
granulation efficiencies were all higher than 87%, being the average
value 92%. The maximum Flost, Ff and Fw were 7.4, 5.7 and 2.6%, respec-
tively, being the filter-bags and granulator wall fines of this case (Case
III) much lower than the amounts collected in Cases I and II.

Fig. 12 shows the granular product size fractions as a function of the
fluidization air velocity. For the explored conditions, the product fines
mass fractions were very low, representing less than 1.3 wt.% of the
total granular product. For relatively high fluidization air velocities,
and in agreement with data reported for other wet or melt granulation
systems [9,11] coating appeared as the dominant growthmechanism. In
fact, for fluidization velocities higher than 325 cm/s the agglomerate
mass fraction was lower than 1%. This fluidization velocity value
corresponds to about four times the seeds' minimum fluidization veloc-
ity (see Fig. 12). As the fluidization velocity decreases, the agglomerate
mass fraction turned noticeable. For the lowest tested fluidization
velocity (217 cm/s), Fig. 12 shows that the agglomerate mass fraction
corresponded to amaximumvalue of 32%. It iswell known that high flu-
idization velocities favor the particles movement, which is achieved by
the presence of bubbles. The bubbles are strongly related to the excess
gas velocity (ve= vf− vmf), the higher ve the higher the particle mixing.
, b) granule internal surface. Ṁmelt = 10.9 g/s.
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When ve decreases, the fluidization conditions become worse and
agglomeration is drastically triggered. Unfortunately, as pointed out
by Smith and Nienow [9], agglomeration for different systems takes
place at diverse vf/vmf, being the beginning of this enlargement process
dependent of many operating variables and binder and seed properties.
In fact, these authors found agglomeration for excess gas velocities
lower than 28 cm/s, while in this work even excess gas velocities of
130 cm/s led to agglomerates. This proved that the excess gas velocity
(or its dimensionless form vf/vmf) required to favor coating does not
assume the same value for different systems and, therefore, more
experimental data are needed to build general theories.

At high fluidization velocities, since the selected binder amount did
not fully dissipate the high kinetic energy, pure coating prevailed
(event 3, Fig. 1). Also, the higher the air flowrate the higher the heat
transfer; therefore, the droplets might have solidified faster avoiding
wet particle interactions. Even though wet particles collisions (event
4) could have occurred to some extent, the disruptive forces caused by
the high particles motion are expected to detach any eventual particle
interaction by breakage of liquid bridges (event 6) or even solid bridges
(event 7), and consequently favor event 3.

Fig. 13 shows the histograms for selected experiments of Case III, as
well as d10, d50 and d90 as a function of the fluidization air velocity. d10
and d50were almost constant and close to 0.27 and 0.31 cm, respective-
ly; values that are exactly the same as those found for the previously
discussed cases (Fig. 8). The histograms for 217 and 378 cm/s indicate
that the normalized cumulative mass of particles lower than 0.336 cm
accounted for 63% and 84%, respectively. These values reflect that
coating is the main enlargement process.

At fluidization air velocities lower than 325 cm/s, d90 increased
considerably due to the higher agglomerate mass fractions within the
product. On the other hand, at high air velocities, where the coating
mechanism was dominant, d90 remained practically constant and inde-
pendent of the fluidization flowrate.

Moisture content analyses of coated granules indicate that thewater
content decreased as the fluidization air velocity increased. These
results are in good agreementwith the expected heat andmass transfer
enhancement for intense mixed systems. For fluidization air velocities
varying between 217 and 450 cm/s, the moisture content changed
from approximately 0.29 to 0.16 wt.%, respectively. As well as for
Cases I and II, the crushing strength exhibited an opposite trend to
that observed for the moisture content. The more resistant granules
were found for the higher air flowrates (crushing strengths up to
4.8 kgf were measured). As mentioned by Iveson et al. [12], higher
Fig. 13. Case III. Mass fraction histograms for different fluidization
consolidation is expected when the collisions intensity between
particles and particles–granulator wall are higher. Nevertheless, for
the lowest air velocity the crushing strength was about 3 kgf, which
still is a good value for granular fertilizers [40].
5.3. Effect of atomization air flowrate

The atomization air flowrate was varied from 417 to 670 cm3/s. As
mentioned in Section 3.3.1, the droplet sizes were not directly mea-
sured; however; the PSD of the fines obtained in an empty fluidized
bedwere analyzed. Themass medians were 59, 49 and 25 μm for atom-
ization air flowrates of 417, 583 and 670 cm3/s, respectively.

The granulation efficiency was higher than 87%, being the average
value equal to 89%. All the experiments presented reasonable mass
balance closures; in fact, themaximum lostmass was 7.1%. Consistently
with Eq. (2), the process fines were very low. Particularly, thewall fines
were lower than 2.6%. It is important to note that while the binder
flowrate does not strongly affect the droplets size distribution, the
atomization flowrate has a significant impact [11]. In fact, noticeable
smaller droplets were obtained for higher atomization air flowrates.
Then, the observed low Fw values suggest that, despite the change in
the droplet size, the drops solidify before the wet particles reach the
granulator wall. Even though the atomization rate was changed, the
droplet sizes remained small enough to rapidly solidify. Also, as
suggested by the granules micrographs (Fig. 11), the atomized
droplets should be much smaller than the seeds; therefore, the
atomization air flowrate variations should not strongly affect either
the seed size/droplet size ratio or the growth mechanism. According
to this, Fig. 14 (which displays the product mass fractions as a function
of the atomization air flowrate) points out that the mass of agglomer-
ates was lower than 7%, being coating the main particles growth
mechanism.

For all the studied atomization flowrates, and as for the previous
cases, d10 and d50 remained almost invariant (data not shown) being
the mean values close to 0.27 and 0.31 cm, respectively. On the other
hand, d90 varied from 0.37 to 0.33 when the air flowrate was changed
from 416 to 667 cm/s, respectively. There was a slight decrease in d90
as the atomization air flowrate increased because coating became the
prevailing growth mechanism.

For all the experiments, the coated granules moisture content was
very low, being themean value around 0.2wt.%. Regarding the crushing
strength, an average value of about of 4 kgf was found.
air velocities and representative diameters as a function of vf.



Fig. 14. Case IV. Product mass fractions as a function of the atomization air flowrate.
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5.4. Effect of seed sizes

For this case (Case V), Flostwas lower than 5%, indicating, once again,
a goodmass balance closure. The granulation efficiencywas higher than
88% for the entire explored seed size ranges. Besides, the granulation
efficiency variation with the seed diameter was not significant.

Fig. 15 shows the agglomerate and product fines as a function of the
seed diameter. The agglomerate mass fraction was very low, being less
than 6% for all the studied seed size ranges. Interestingly, the agglomer-
ates trend presented a non-monotonic behavior, with aminimum value
of agglomerates for the seeds with 0.259 cm as mean diameter (base
case). Several authors found, for wet granulation, that agglomerate
formation decreases as the seed size increases [9,11,41]. This trend is
observed in Fig. 15 for the seeds smaller than 0.259 cm. Indeed, the
bigger the seeds the higher their kinetic energy, and thus the lower
the probability of particles agglomeration (i.e., more energy has to be
dissipated by the liquid bridges). In contrast, for the seeds bigger than
0.259 cm, the agglomerate mass fraction increased with the seed size.
To explain this behavior, Eq. (12) (valid for a pure coating process)
can be used to calculate the thickness of the liquid layer (l):

l tð Þ ¼ d0i tð Þ−d0 0ð Þ
2

¼ d0ηM
�

meltXut
6Mu0

: ð16Þ
Fig. 15. Case V. Product agglomerates, fines fractions and vmf(d0) as a function of the seed
size.
Considering that the sprayed ureamass and the seedmasswere kept
constant (Table 2), Eq. (16) indicates that the thickness of the liquid
layer deposited on each particle has to be proportional to the seed
size. At the end of the experiments and assuming granulation efficien-
cies of 90%, the liquid thickness for pure coated particles should follow
the linear relationship given by l≈ 0.0655 d0. Then, higher melt solidi-
fication times are expected for the thicker liquid layers associated to the
bigger seeds. The thicker the liquid layer the higher the probability of
seed agglomeration (i.e., more kinetic energy can be absorbed). Even
though Eq. (16) is not valid when agglomeration takes place, the liquid
layer thickness should also increase with the seed size (the total
external area per unitmass is expected to decrease). The trend observed
for particles bigger than 0.259 cm is in good agreement with the results
reported by Abberger et al. [15] formelt granulation. The agglomeration
for particles bigger than 0.259 cm is also reinforced by the fact that the
vf/vmf relationship decreased as the seed size increased (see vmf in
Fig. 15).

Fig. 15 also indicates that the fines mass fraction in the granular
product was lower than 0.6% for all the experiments, with a slight
fines increase for the bigger seeds.

Fig. 16 shows the granular product representative diameters as a
function of the seed size. As expected, d10, d50 and d90 increased with
the seed size. In order to provide a reference, a 45° straight line is also
included in Fig. 16. For pure coating and constant binder/seed mass
ratio, Eq. (12) indicates that the particle size enlargement has to be
proportional to the seed mean diameter. Therefore, the representative
diameters as a function of d0 should have identical slopes; any deviation
suggests that other mechanisms than pure coating may take place
(e.g., nucleation, agglomeration). The slope of the d10 straight line is
lower than 1, indicating that there were more product fines as the
seed size was increased (also see Fig. 15). As it was previously
mentioned, the bigger the seeds the lower the total particle external
area and, therefore, the lower the amount of droplets that can be
captured by the seeds. As a consequence, nucleation may occur (event
1, Fig. 1), increasing the small particlesmass fractionwithin the product.
The slope of the d90 straight line did not deviate from the expected
value, confirming that agglomeration was not very significant (see
Fig. 15).

Regarding the granules properties, the seed size did not affect the
moisture content, which was nearly constant at 0.2 wt.%. However,
and as expected, the crushing strength of the coated particles
was higher for the bigger seeds (see Fig. 17). For seeds smaller
than 0.336 cm, the crushing strength of the coated particles
presented good linearity; relationship previously reported by
Walker et al. [39].
Fig. 16. Case V. Representative diameters as a function of seed size.



Fig. 17. Case V. Crushing strength as a function of the seed size.
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5.5. Effect of bed temperature

The bed temperature was varied from 90 to 110 °C, well below the
urea melting point (132 °C). For this case, the granulation efficiency
was higher than 87%, the mass lost fraction was lower than 5% and the
process fines accounted for, as maximum, 8%. Therefore, the bed tem-
perature did not noticeably affect either the process yield or the fines
generated during the granulation.

Fig. 18 shows the product mass fractions as a function of the bed
temperature. At relatively high temperatures (but still far away from
the melting temperature), coating was the dominant growth mecha-
nism while a combined process of coating/agglomeration took place
when the bedwas cooled down. Nevertheless, the amount of agglomer-
ates was lower than 8%.

For melt granulation, Boerefijn and Hounslow [16], Seo et al. [21],
Tan et al. [22] and Van de Scheur et al. [42], who employed PEG 3000,
4000 or 10000 as binders, reported that below themelting temperature,
the agglomeration rate increased as the bed temperature was increased
because the high thermal levels retarded the binder solidification. How-
ever, Tan et al. [22] also used PEG 1500, finding for this binder a maxi-
mum growth rate for temperatures between 32 and 36 °C. In fact, for
higher and lower temperatures they observed a decrease of the particle
agglomeration rate. The authors indicated that low viscosity binders are
Fig. 18. Case VI. Product mass fractions as a function of the bed temperature.
easier to spread on the particles surface, promoting a favorable condi-
tion for liquid bridge formation, although these bridges are weak at
high temperatures reducing the agglomerates formation. Urea melt
can be considered as a low viscosity binder (0.0031 Pa s at 135 °C)
and therefore, from this point of view, similar to PEG 1500 (0.065 Pa s
at 70 °C). Since the viscosity of the urea melt decreases as the bed
temperature increases, for similar disruptive forces (i.e. fluidization air
velocities), higher probability of liquid bridge rupture are expected at
relatively high thermal levels. In fact, as shown in Fig. 18, growth by
coating was favored (i.e., event 6 in Fig. 1 prevailed over event 5) at
higher bed temperatures within the studied range. It is worth to
mention that Tan et al. [22] and Chua et al. [43] showed a decrease in
the agglomerates fraction at too low bed temperatures due to less
probability of particle-particle contacts at the wet surface, caused by
poor binder spreading. This behavior is not observed in the performed
urea granulation experiments as a consequence of the relatively high
tested bed temperatures. It is also important to note that the above
authors performed experiments within an immersion regime, where
the particle and droplet sizes are of the same order. In fact, the effect
of temperature on the granules growthmay differ froma growth regime
with droplet sizes much smaller than the particles.

Again, d10 and d50 sizes did not change with the variations imposed
in this operating variable, being their values identical to those reported
for the prior cases. d90 increased as the bed temperature decreased
accordingly to the agglomerates increased. However, as the maximum
agglomerate mass fraction was relatively low, d90 changed from 0.38
to 0.36 cm for 90 and 110 °C, respectively (data not shown).

The granules moisture content increased for cooler beds, basically
due to the decrease in the evaporation rate. Nevertheless, the moisture
content was lower than 0.25 wt.%. As reported byWalker et al. [39] and
previously discussed, the crushing strength exhibited an opposite
trend; in fact, the granules turned to be more resistant to breakage for
relatively high temperatures.
5.6. Effect of the operating variables on the representative diameters

Except for Case V, for all the experiments d10 and d50 were almost
constant and close to 0.27 and 0.31 cm, respectively. As described in
Section 4, for a granulation process performed in a perfectly-mixed
unit and assuming coating as the only growth mechanism, the number
PSD of the granular product corresponds to the number seed distribu-
tion but shifted to larger particle sizes. According to Eq. (12) and consid-
ering that: a) a constant binder/seed mass ratio was used, b) the
granulation efficiency was similar for all the cases and c) the particles
growth was by pure coating, the final shifts of the number PSD for all
the experiments should be identical. Therefore, if a unique number
PSD should be expected for all the experiments governed by coating, a
uniquemass PSD should also be obtained. Then, for those operating con-
ditions with negligible agglomeration, d10, d50 and d90 should be almost
constant. For Cases I to IV and VI, the experimental results are in good
agreement with the theoretical conclusions.

Considering that the seed d10 should be close to 0.238 cm and a
granulation efficiency of about 90%, Eq. (13) leads to a product d10 =
0.277 cm, which is very close to the observed experimental values.
The seed d50 can be approximated by the seed mean size d0
(i.e., 0.259 cm), under this assumption the product d50 predicted by
Eq. (14) becomes 0.30 cm, value that is in good agreement with the
experimental data. Summarizing, d10 and d50 can be successfully
predicted by assuming pure coating and a perfectly mixed pattern.

When agglomeration occurred, d10 and d50 had the same values as
for pure coating. This result may be related to the fact that coating
was, for all the studied cases, the dominant growth mechanism
(i.e., the coated particles accounted for more than 68%). Nevertheless,
the formed agglomeration fraction strongly affected d90; which cannot
be longer predicted by Eq. (15).



Fig. 19. Studied variables and agglomerate mass fractions changes.
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5.7. Operating conditions/seed properties hierarchy of influence on the
agglomeration process

The operating variables and seed size were disturbed from the base
case to allow agglomeration to appear as a significant growth
mechanism. By doing this, different changes were imposed on the
selected disturbed variables. Fig. 19 shows the magnitude of these

changes, expressed as: β ¼ Vmax=min−Vbc

Vbc
100 (Vbc: variable value for the

base case, Vmax/min: maximum or minimum variable value that led to
the maximum amount of agglomerate mass fraction). Therefore, a
negative value of β indicates that a decrease in the variable from the
base case gave an increase in the agglomerate mass fraction and vice
versa. For each variable, Fig. 19 also depicts ΔA, which is defined as
the difference between the agglomerate mass fractions for Vmax/min

and Vbc. In order to normalize the effect of each variable on the agglom-
erate formation, Fig. 20 shows, for each studied variable, ΔA/β. As it can
be seen, the effect of the studied variables on the agglomeration process
can be ordered as follows: vf N T N Qa N Ṁmelt N d0.
6. Conclusions

For all the tested process conditions and seed sizes, coating was the
main enlargement process (i.e., more than 68% of the granular product
were coated particles). For these high levels of coated particles, it was
proved that d10 and d50 were almost identical for all the experiments,
regardless of the disturbed operating variable. Considering that a
constant binder/seed mass ratio was selected for all the experiments,
the observed behavior was explained in terms of the PBE solution for
perfectly-mixed systems and pure coating as growth mechanism.
Fig. 20. ΔA/β for each studied variable.
Based on these assumptions, d10 and d50 were accurately predicted.
Even though themean size remained constant, the PSD span varied sig-
nificantly for the experimentswith noticeable agglomeration. In fact, d90
was very sensitive to the enlargement process.

Regarding the influence of the tested variables on the
agglomerate formation, the following order of importance was
found: vf N T N Qa N Ṁmelt N d0. The agglomeration rate increased as
the binder flowrate increased and the fluidization air flowrate,
atomization air flowrate and bed temperature decreased. The agglom-
eratedmass fraction presented a non-monotonic behavior as a function
of the seed diameter, with aminimum at a seedmeandiameter of about
0.26 cm.

Nomenclature
A agglomerated product mass fraction (%)
AT total external surface area of particles (cm2)
C pure coated product mass fraction (%)
Dbot granulator bottom diameter (cm)
di particle size (cm)
dNV0 seed mean number-volume diameter (cm)
dSN0 seed mean surface-number diameter (cm)
Dtop granulator top diameter (cm)
d0 seed arithmetic mean diameter (cm)
d10 particle size corresponding to 10% of the normalized

cumulative mass passing function (cm)
d10′ particle size corresponding to 10% of the normalized

cumulative number passing function (cm)
d50 particle size corresponding to 50% of the normalized

cumulative mass passing function (cm)
d50′ particle size corresponding to 50% of the normalized

cumulative number function (cm)
d90 particle size corresponding to 90% of the normalized

cumulative mass passing function (cm)
d90′ Particle size corresponding to 90% of the normalized

cumulative number passing function (cm)
F′ normalized cumulative number passing function (%)
Ff filter-bags fines mass fraction (%)
Flost mass lost fraction (%)
Fp product fines mass fraction (%)
Fw wall fines mass fraction (%)
G coating growth rate (cm/s)
Hco granulator conical section height (cm)
Hcy granulator cylindrical section height (cm)
l thickness of the liquid layer (cm)
Ṁmelt urea melt mass flowrate (g/s)
Mus maximum sprayed urea mass (g)
Muf final urea mass in the bed (g)
Mu0 initial urea mass in the bed (g)
N0 total initial number of seeds (#)
Q
�

a atomization air flowrate (cm3/s)
Tmelt melting temperature (°C)
Tbed bed temperature set-point (°C)
t time (s)
Vbc variable value for the base case (-)
ve air excess velocity (cm/s)
Vmax/min maximum or minimum variable value (-)
vmf seed minimum fluidization velocity (cm/s)
vf superficial fluidization air velocity (cm/s)
Xu feed urea mass concentration (wt.%)

Greek symbols
ρa air density (g/cm3)
μa air viscosity (Poise)
ΔA difference of the agglomerates mass fractions (%)
γ granulator angle (°)
η granulation efficiency (%)
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β magnitude of variables changes (%)
ρl urea melt density (g/cm3)
ρp urea particle density (g/cm3)

Subscripts
i Size class i
0 Initial
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