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Mass and population balance equations are used to describe the spray-on melt granulation process in a batch flu-
idized bed where coating and agglomeration can occur simultaneously. Two different models are considered to
describe the agglomeration kinetics: the Equipartition Kinetic Energy (EKE) and Size Independent (SI) kernels,
while the coating kinetics is represented by a power law. Based on experimental data obtained under different
operating conditions (melt and air atomization flowrates, air fluidization velocity, seed diameter and bed tem-
perature), the coating and agglomeration kinetic parameters are fitted to correctly predict the final particle
Melt granulation size distributions. It is concluded that the SI kernel and the zero-order coating kinetics best describe the agglom-
Fluidized-bed eration and coating mechanisms, respectively. A correlation to predict the SI kernel from macroscopic variables
Urea and properties of the system is proposed. This tool can be used to provide starting kernel factors for solving
Coating the PBEs governing spray-on melt granulation in fluidized-bed granulators. Finally, a criterion to predict the
Agglomeration limit of agglomeration occurrence is formulated. The criterion, which is developed in terms of dimensionless
numbers that depend on process conditions and take into account mass, heat and momentum transfer phenom-
ena, is found to be appropriate to predict the growth regime for fluidized-bed spray-on melt granulation of urea
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1. Introduction

Granulation processes are considered as one of the most significant
advances in the particulate product industries, providing particles
with well-defined properties to meet specific end-use requirements.
When liquid binders are used, granulation is classified into wet or
melt processes. In wet granulation, the liquid binder is distributed on
the seeds and, subsequently, the granules are dried to evaporate the sol-
vent. In melt granulation, powders are enlarged by using meltable ma-
terials. These last binders are added to the system either as: 1)
powders that melt during the granulation process or 2) atomized mol-
ten liquids [1]. The first melt granulation technique is usually called
co-melt or in situ melt granulation [2], while the second method could
be referred as spray-on melt granulation [3].

When liquid binders are used, the production of granules requires
seeds, the binder agent and mixing. One of the major industrial equip-
ment is the fluidized-bed granulator, wherein the liquid binder is
sprayed onto the seeds and the agitation is provided by the fluidization
air. Nowadays, research in melt granulation has gained interest over
wet granulation for materials incompatible with water because it
completely avoids the use of solvents [2,4].
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The mechanisms by which size enlargement takes place are coating
and/or agglomeration. Coating is the gradual growth of particles due to
the deposition and solidification of liquid binder droplets on their sur-
faces, while agglomeration is the sticking together of two or more par-
ticles to give a larger solid particle called agglomerate [5]. Depending
on the granule end-use properties, either coating or agglomeration
may be preferred. Therefore, the understanding of the mechanisms pre-
vailing in the granulation process is a prerequisite for obtaining proper
control over product characteristics [6].

For wet granulation processes, many authors have studied the influ-
ence of important operating variables and physicochemical properties
of the seeds and binder on the growth mechanisms in fluidized-bed
granulators [7-13]. Regarding melt granulation, Abberger et al. [4],
Boerefijin and Hounslow [6], Seo et al. [14] and Tan et al. [15] focused
on the effect of binder spray rate, droplet size, seed size, bed tempera-
ture, atomization air pressure and fluidization air velocity on the perfor-
mance of fluidized-bed spray-on melt granulation. These studies were
mainly based on polyethylene glycol (PEG) or Poloxamer as model
binder and glass ballotini or lactose as seeds. In addition, all these pro-
cesses involved seeds of very small size, similar to or even smaller
than the sprayed binder droplets. For this reason, the particles preferen-
tially grew by agglomeration, being negligible the growth by pure coat-
ing. Recently, for urea granulation, Veliz Moraga et al. [16] studied the
impact of seed size, bed temperature, binder (molten urea) flowrate,
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Nomenclature

A aggregates product mass fraction (%)

Ars deposited droplet liquid-solid interface (m?)

Aspray spray-on foot print area of the nozzle onto the particles
bed (m?)

Ap particle surface area (m?)

Cpu urea mass heat capacity (J/kg K)

CPw water mass heat capacity (J/kg K)

C1 fitting parameters (-)

Cy fitting parameters (-)

c3 fitting parameters (-)

Co fitting parameters (-)

C4 fitting parameters (-)

Cs fitting parameters (-)

Co fitting parameters (-)

Cii parameter for the linear approximation in Eq. (9)
(m~?)

G parameter for the linear approximation in Eq. (10)
(m™")

Dpor granulator bottom diameter (cm)

dy droplet arithmetic mass mean diameter (m)

dis spread liquid droplet diameter (m)

dng gas nozzle orifice diameter (m)

dnL liquid nozzle orifice diameter (m)

Dy lower node in class i (m)

D’gi average diameter of size born by aggregation (m)

dpi particles size in i class (m)

DPA dimensionless agglomeration parameter (-)

Dgprqy  nozzle distance (m)

Drop granulator top diameter (cm)

do seeds arithmetic mass mean diameter (m)

e particle coefficient of restitution (-)

E total thermal energy to be removed from the liquid
layer to solidify (J)

FEr appearance particles rate in i class by coating (#/s)

- disappearance particles rate in i class by coating (#/s)

FN flux number (-)

FO optimization objective function

Fr Froude number (-)

G coating growth rate (m/s)

h deposited drop height (m)

hq characteristic length scale of surface asperities (m)

He, granulator conical section height (cm)

Hey granulator cylindrical section height (cm)

HAF flow of particles born by aggregation in class i (#/s)

HA~ flow of particles dead by aggregation in class i (#/s)

el thickness of the binder layer (m)

K constant (kgs.u mS11/s812 0C6.47)

Ky fitting parameter (-)

Kiet fitting parameter (-)

ky particles thermal conductivity (W/m K)

L fluidized-bed height (m)

Liet droplets spray height (m)

Luozzie nozzle height (m)

Mat atomization air flowrate (kg/s)

iy

mlayer

Meoaring droplet mass necessary to cover the surface of all the par-

ticles mass within the spray zone (kg)

urea melt flowrate (kg/s)

liquid layer mass (kg)

particles mass holdup (kg)

seeds mass (kg)

exponent associated with the distribution of coating liq-
uid on the particulate material (-)

4 N; number of particles in i class (#)
rl'N’,f‘ aggregates number in i class (#)
d N, total number of the particles within the spray zone (#)
ﬂ_Nﬁo dimensionless number for aggregation rate (-)
YR, Reynolds numbers (-)
o critical Stokes numbers (-)
,d_St., viscous Stokes numbers (-)
¢ time (s)
z Thed bed temperature set-point (°C)
;’_TfuS urea fusion temperature (°C)
u superficial fluidization air velocity (m/s)
0- Ujer air jet velocity (m/s)
n Upnf seeds minimum fluidization velocity (m/s)
4 Up particles collision velocity (m/s)
n'w,- particles mass fraction in class i (kg)
g Xy urea mass content (wt%)
© Greek symbols
" mass particles fraction in the spray zone (-)
[0 PBE parameter (-)
[6) aggregation kernel (1/# seg)
Bo process operating conditions factor in aggregation kernel
(formulation 1: 1/# seg; formulation 2: 1/# seg m®>)
0% granulator angle (°)

AH,, water evaporation latent heat (J/kg)
AHpys urea fusion latent heat (J/kg)

0 contact angle (-)

n binder viscosity (Pa s)

Uat atomization air viscosity (Pa s)

I mass transfer dimensionless number (-)

I, heat transfer dimensionless number (-)

I3 momentum transfer dimensionless number (-)
Pat atomization air density (kg/m>)

oL binder density (kg/m?)

Op particles density (kg/m?)

Tdep deposition time (s)

Tsol solidification time (s)

1) particles size functionality in aggregation kernel (formu-

lation 1: (-); formulation 2: m®?)

Subscripts

i class of the discrete PSD
j class of the discrete PSD
k class of the discrete PSD

mization 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,
percentage of particles effectively coated or agglomerated and granule
crushing strength) in order to distinguish the operating regions to
avoid lump formation since coating is the preferred size-enlargement
mechanism for urea production.

Two approaches have been reported to predict the growth regime in
fluidized-bed granulation: a) the use of the Population Balance Equation
(PBE) coupled with kinetics of particle-size change, and b) models
based on dimensionless numbers.

The PBE is a mathematical description that allows to track, for exam-
ple, the evolution of the particle size distributions (PSDs) of a batch sys-
tem as a function of time [17]. To quantify the occurrence of
agglomeration, the corresponding kinetics is required. The agglomera-
tion parameter denoted as “kernel” (3) is a measure of the frequency
of successful sticking after collision between two particles [18]. This pa-
rameter is often written as the product of two factors [6]: one depend-
ing on the process operating variables and material properties (known



M.P. Villa et al. / Powder Technology 300 (2016) 61-72 63

as the agglomeration rate constant; 3y), and other providing the depen-
dency of the agglomeration rate on the sizes of the particles that collide
(¢). The determination from experimental data of the dependency of
the kernel on the particle size is a complex and difficult task [19].

Regarding the ¢ models, the simplest one postulates a particle size
independent kernel, based on a random agglomeration process [5].
Adetayo and Ennis [18] proposed ¢ =1, however they considered that
only collisions of particles smaller than a critical value are successful.
Moreover, several kernel models have been proposed to evaluate the ef-
fect of the particle size on the growth behavior [5,8,19]. As for the pa-
rameter [y, it has to be fitted by using plant or laboratory granulation
data [19]. Even though there are models of 39 based on macroscopic
and/or microscopic properties of the system, this parameter is also
strongly dependent on the granulation system [18,20].

To take into account the particle size enlargement by coating, the
PBE requires a growth rate model. The coating rate (G) is defined as
the rate of increase in particle diameter due to the deposition of the lig-
uid droplets on the particle surface, and is associated with the amount of

coating material entering the system and its distribution on the parti-
cles. It is common to assume that the particles within different interval
sizes grow proportional to their fractional surface area [21]. This as-
sumption is consistent with a pattern of perfect mixing within the gran-
ulator and leads to a coating rate independent of the particle size.
However, deviations from perfect mixing usually give different coating
rates [22].

On the other hand, some models based on dimensionless number
have been reported in the open literature to predict the prevailing
growth mechanism. The paper published by Ennis et al. [23] for wet
granulation was undoubtedly a major turning point. This contribution
proposed a criterion to predict the occurrence of agglomeration by com-
paring the viscous dissipation of the binder layer to the initial kinetic en-
ergy of the two colliding particles. Besides, Akkermans et al. [24]
introduced another dimensionless number, which was derived for the
production of detergents in top-spray fluidized-bed granulators. This
number, known as the “Flux Number” (FN), describes the balance be-
tween the solids flux in the spray zone and the spray flux that wets
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Fig. 1. Schematic representation of the batch fluidized-bed granulation unit.
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the solids [6]. Although these criteria based on dimensionless numbers
would be useful to predict whether agglomeration will be substantial or
negligible for different granulating systems and/or materials, they do
not address the tendency of agglomeration quantitatively.

Therefore, both approaches (PBE and models based on dimension-
less numbers) have strengths and weaknesses.

The present work attempts to, for spray-on melt granulation pro-
cesses where coating and agglomeration can occur simultaneously, pre-
dict (in terms of macroscopic variables) the final PSDs in a batch
granulator and the limit between pure coating and agglomeration/coat-
ing growth regimes. Firstly, a mathematical model comprising mass and
population balance equations is proposed to describe the urea granula-
tion process in a fluidized bed. For different operating conditions (melt
and air atomization flowrates, air fluidization velocity, seed diameter
and bed temperature), the coating and agglomeration kinetic parame-
ters are established to correctly predict the final particle size distribu-
tion of granular urea. Afterwards, and in order to establish a criterion
to predict the limit of agglomeration occurrence without solving the
PBE, a dimensionless analysis is developed. The criterion is formulated
in terms of dimensionless numbers that are a function of process condi-
tions. The proposed criterion, which takes into account mass, heat and
momentum transfer phenomena, is found to be a valuable tool to pre-
dict the growth regime for fluidized-bed spray-on melt granulation.

2. Experimental procedure and data

Veliz Moraga et al. [16] reported experimental data related to urea
granulation in a fluidized-bed spray-on melt granulator (see Fig. 1).
The unit was constituted by a stainless steel bottom conical vessel (1),
a stainless steel perforated plate as air distributor (2), a centrifugal
blower (3) to provide the fluidization air. Before entering the bed, the
fluidization air flowrate was measured by an orifice flow-meter (4)
and preheated by an electrical heater (5) to maintain the bed tempera-
ture at the desired value. The binder (urea melt) was prepared in an oil-
heated tank (6) by typically adding 1 kg of urea and a very small volume
of water to reach a typical concentration value (96 wt.%). The urea melt
tank was kept at a temperature close to the urea melting point (132 °C).
The urea melt was delivered to an internal mixing two-fluid spray noz-
zle (7), located just above the air distributor, by using atomization air
preheated up (8) to around 132 °C. This configuration was selected to
emulate the bottom-spray system commonly used in the industry to
produce granular urea [25]. The atomization air flowrate was controlled
and measured by a valve and a rotameter (9), respectively.

For each run, 2 kg of urea seeds were initially charged into the gran-
ulator. To characterize the PSDs, a series of ASTM standard sieves was
employed. For each experiment, the seed size distributions were narrow
and obtained by sieving commercial urea particles through two contig-
uous ASTM sieves with a 2'/# geometric ratio [16]. In all experiments,
about 3 kg of granulated product were obtained. The PSD of the final
product was determined by sieving. For each experiment, the mass frac-
tion of agglomerates A(%) in the product was precisely measured. Ac-
cording to Veliz Moraga et al. [16], the total mass of agglomerates was
quantified from sieves containing either only agglomerated particles
or pure coated particles and small agglomerates. For the last case, a riffle
splitter was used to subdivide the retained mass and the agglomerates
were recognized by visual inspection and measured by weighting.

In order to determine the effect of different operating variables and
seed properties on the growth mechanisms, 43 experiments were per-
formed. To this end, the superficial fluidization air velocity (u) at bed
temperature was varied from 2.76 to 5.68 m/s, the arithmetic mass
mean diameter of the urea seeds (dp) from 1.55 x 1073 to
3.68 x 1073 m, the urea melt flowrate (ri; ) from 4 x 1073 to
1.74 x 10~ kg/s, the bed temperature set-point (Tpeq) from 90 to
110 °C, and the atomization air flowrate ( mg ) from 4.17 to
6.67 x 10~* m>/s [16]. The experiments were carried out by duplicate,

except those where the binder flowrate was disturbed. This is due to
the pneumatic method employed to deliver the urea melt that did not
allow to obtain exactly the same melt flowrate.

3. Mathematical model

To predict the product PSDs experimentally obtained [16], the fol-
lowing mass and population balance equations were used:

3.1. Urea mass balance

d .
% T )

where m,, m; and x, represent the mass holdup, the melt flowrate and
the urea mass content, respectively.

3.2. Population balance

In this paper the PBE formulation given by Bertin et al. [22] is used.
The developed technique involves a discretization step that divides
the entire domain of particle size into classes, where each class i corre-
sponds to the interval [Dp;, Dy 1], and focuses on the accurate predic-
tion of the number of particles in each class, N;, and the corresponding
particle size, dp;, by exactly preserving the total number and mass bal-
ances (details about this method can be found in Bertin et al. [22]).

According to Bertin et al. [22] the discretized PBE for a perfectly-
mixed batch process with simultaneous growth and agglomeration is:

G H @
where t is the time, F* ™ and F' ~ represent the rate of appearance and
disappearance of particles in class i by differential growth (i.e. coating)
and H4* and H?~ describe the rate of appearance and disappearance
of particles in class i by agglomeration, respectively.

The particles number in each class corresponds to a representative
size, which is updated as particles appear and disappear into/from the
class and is calculated as:

by i
dt Pi
+ d;;\]f [FiG+ (Dpi3 _dPi3> —F~ <Dpi+13 _dpi3) +H (Dﬂf—dpf)]

()

where G is the growth rate by coating and Dﬁi is the average size of the
particles born by agglomeration in class i [22]. F¢ ™, FF—, H# " and H{'~
are calculated as:

F&" = 0_1G(Dy,;) (C1i—1Dp; + C2i_1) (4)
Fi~ = aiG(DP1+1) (CliDpi+1 + C2i> 3)
1
Ar _ 1 ) )
HA™ = N > By do) N 7)

where B(dp;,dpi) is called the agglomeration kernel and describes the
frequency of agglomeration between a particle of size d,; and another
one of size d. B(dp;, dpi) provides the dependency of the agglomeration
rate on the operating conditions and the particle size and physical
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properties [26,27]. In Equation 6, the notation k/(j,k— i) means: all clas-
ses k such that agglomeration between particles of classes j and k gener-
ate a particle of class i. Cy;, C; and ¢ are calculated as:

1 if(cliDPiH +Czi)>0 ®)
0 if (C1iDpy, + Cai) 0

DPi+14_DPi4 _ 3

A —4dp,
Cy:i = Dpi+1 _Dpi N 9
1i = 1 4 4 4 s 5 i ( )

5 <DPi+1 + Dpi) (me —Dy; )_ 5 (me —Dy; )
C] i 2 2
c e G 10
2i D -D ( )
Pit1 bi

Following the development of Kumar et al. [28], the average size of
all newborn particles by agglomeration in class i is calculated by divid-
ing the total newborn particle volume by the total newborn particle
number:

A ¥k/<j.zk~i>ﬁ<d"f’d”k> Nka(dp13+d”k3> j (11)
" % B(dyj.dny) NyN

J k/(jk—i)

3.3. Coating and agglomeration kinetics

A common practice is to assume that particles belonging to different
interval sizes grow proportional to its fractional surface area [29]. This
assumption is consistent with a pattern of perfect mixing in the granu-
lator and leads to a coating rate that is independent of particle size.
However, deviations from perfect mixing may lead to a different coating
rate. Therefore, in this paper, a coating rate described by the power law
is proposed [22]:

G(d ) 2m,_xu n

_ 12
P T[pp Z Nidpi2+n P ( )
1

If n=0, the coating rate is independent of particle size and all parti-
cles grow by coating at the same rate; if aggregation does not take place,
the final PSD maintains its initial shape. If n>0, the larger particles grow
faster than smaller ones, causing a final PSD wider than the initial one.
Finally, if n<0, the smaller particles grow faster than larger ones, and
the final PSD results narrower than the initial one.

As suggested by several authors [30,31] and as afore-mentioned, the
agglomeration kernel can be represented by two factors: one depending
exclusively on the particle size (¢) and the other on the process operat-
ing conditions (Bo):

B(doy do) = Bo & (dp;. ) (13)

In this paper, two different formulations are proposed: 1) 3 is con-
sidered independent of the size of the particles that collide (i.e., $=1)
and 2) ¢ is represented by the equipartition kinetic energy coalescence
model (EKE model), which provides a theoretical basis for the collision
frequency of particles in fluidized beds [32]:

§b<dpj7dpk) = (dpj+dpk)2 ?‘l_ﬁ
j

3.4. Agglomerate mass fraction in the granular product

Egs. (2) and (3) do not allow to numerically quantify the mass of the
agglomerates. To this end a new equation is required:

Nt _N#
=N gAt A L pG
dt ! PN

A
Ni—l

sl g6 N_liq
Ny PN

(15)

In Eq. (15), the first term of the right-hand side is the number of par-
ticles born by agglomeration in class i while the second one represents
the total particle number leaving class i by agglomeration, multiplied
by the number fraction of agglomerates in class i. Analogously, the
third and fourth term of the right-hand side in Eq. (15) describe the
number flow of agglomerates growing into class i from class (i—1)
and growing out of class i into class (i + 1) by coating, respectively.

The agglomerate mass fraction is calculated as:

Zi: N?dpi3

_ 16
LT (16)
1

The model code is implemented in FORTRAN programming lan-
guage. By means of a Gear subroutine, the set of ordinary differential
Egs. (1)-(3) and (15) is integrated to estimate the particle mass, total
particle number, mean size and agglomerate number in each class.
Then, the set of algebraic equations that allows predicting the coating
and agglomeration rates (Eqs. (12)-(14)) and the agglomerate mass
fraction (Eq. (16)) is solved.

Simulations for the 43 experimental points were performed, and a
least square optimization scheme was implemented to fit the two kinet-
ics parameters: the exponent of the power law that describes the coat-
ing rate (Eq. (12)) and the factor 3y of the agglomeration rate (Eq. (13)).
Each experimental point was simulated twice, once for each agglomer-
ation kinetics (¢ =1 and ¢ given by Eq. (14)).

Considering that: a) the granulometry of urea particles is available as
weight % (i.e., the experimental data were obtained by sieving [16]) in-
stead of number PSDs, and b) the PSDs should be represented by the
density function because the discretization grid has classes of different
interval width, the optimization objective function for the fitting proce-
dure is defined as follows:

FO = min >_
pBo i

2
<Wi ‘Calculated —Wi ‘ Expen'mental) (1 7)

Dyp; 1 —Dp;
where w; is the weight fraction of particles in class i. The calculated
weight fractions are determined, based on the particle number in each
class obtained from the PBE solution, as follows:

Nidp;”

Wil catcutated = ZTdm; (18)
7

Besides, the optimization is subjected to the following constraint:
the calculated agglomerate mass fraction in the granular product has
to be equal to the experimental value.

4. Model results and discussion
4.1. PBE results

For each experiment, the best n and (3, values were obtained by min-
imizing Eq. (17). The best n values varied between —0.05 and 0.12,

being the average value for the 43 experiments n = 0.05. This result sug-
gests a coating kinetics almost independent of the particle size.
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Fig. 2. Agglomerate mass percentage (®) and agglomeration kernel (O: ¢=1; A: EKE model) as a function of the operating variables: a) urea melt flowrate for u=3 m/s STP, b) urea melt
flowrate for u=4 m/s STP, c) superficial fluidization air velocity at bed temperature, d) atomization air flowrate, e) bed temperature set-point and f) arithmetic mass mean diameter of the

seeds.

Fig. 2 presents the experimental agglomerate mass fraction A(%) and
the optimal 3y factors (obtained, for each experiment and kernel model;
according to the above described fitting procedure) as a function of the
studied operating variables.

The agglomerate mass percentage increases as the binder flowrate
increases and the fluidization air velocity, atomization air flowrate and
bed temperature decrease (details about the effect of the operating var-
iables and granule properties on the occurrence of agglomeration can be
found in Veliz Moraga et al. [16]). For both agglomeration kinetics
(Section 3.3), the factor 3¢ exhibits the same trends than the ones
found for the agglomerate mass fraction (Fig. 2.a—e). The trend exhibit-
ed by A(%),as a function of the seed arithmetic mean size, is followed by

the variable 3, /d03 instead of 3y (Fig. 2.f). This is in good agreement
with the fact that the mass of agglomerated particles is proportional

to the mass of the particles that collide and to 3, /d03 . Considering this
representation, the agglomerate mass fraction and the kernel factors
show both a non-monotonic behavior against the seed size, this behav-
ior is discussed elsewhere [16].

Fig. 3 shows the experimental and calculated (by using the best
fitted By factors for each agglomeration kernel model) mass PSDs for
three selected representative experiments. In the same figure, the
seed size range used in each experiment is indicated. As expected, the
product PSD shift towards particle sizes bigger than the seeds. The re-
sults indicate that the prediction of the experimental PSDs is quite sim-
ilar by using both agglomeration kinetic models. However, since the
kernel models are different, different (3o optimal values are found for
each model. Indeed, for 95% of the experiments, the obtained R*> was
higher than 0.8.
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Considering that the results are similar for both tested agglomera-
tion kinetics, the simplest model (i.e., ¢ =1) is chosen to simulate the
urea melt granulation process.

4.2. Semi-empirical correlation to predict the agglomeration kernel

For melt granulation, Tan et al. [33] indicated that the agglomeration
kernel depends on various factors, such as particle wettability, particle
velocity, binder type and concentration. Chua et al. [34] suggested that
there are four major events occurring at the granule level that influence
Po: droplet-particle collisions, particle-particle collisions, droplet
spreading and droplet solidification. The time scale of the liquid solidifi-
cation was the largest of the four proposed events, indicating that the
solidification rate has great influence on the agglomeration occurrence.

The bed temperature is directly related to the binder solidification
rate, therefore it significantly influences the agglomeration kinetics
[35]. The binder solidification rate can be calculated from an energy bal-
ance at the droplet-particle interface [15].

Regarding the interparticle and droplet-particle collisions, the
movement of particles and droplets within the fluidized bed is mainly
determined by the fluidization gas velocity. Higher fluidization veloci-
ties tend to reduce the agglomeration rate due to higher probability of
particle rebound, as a consequence of an increased impact kinetic ener-
gy and more agitation that favors the breakage of liquid bridges [36].

Based on the above considerations, a semi-empirical correlation is
proposed to relate 39 with the process operating conditions. To this
end, the following hypotheses are considered:

1) The 3o behavior depends on three dimensionless numbers. These
numbers are related to operating conditions and properties of the
binder and seeds, i.e. a macroscopic approach is chosen. The first di-
mensionless number relates the characteristic times of the droplet
deposition and the binder solidification. The second one describes
the thermal phenomena of the solidifying droplet, while the third
one is associated to the movement of particles within the fluidized
bed.

2) At each instant, according to Chua et al. [37], a fraction « of the par-
ticle population is being wetted by the droplets (i.e., there is a spray
active zone within the granulator).

3) The urea solidification occurs at the droplet/particle interface.

4) The water evaporation occurs at the droplet/gas interface.

5) The particle temperature is equal to the overall bed temperature
[38].

6) The mean seed particle diameter is used to evaluate the dimension-
less numbers since this variable is a priori known.

Based on the above assumptions, the following dimensionless num-
bers are proposed:

4.2.1. Mass transfer dimensionless number
The droplet mass necessary to completely coat all the particles in the
spray zone can be calculated as:

Particle number in the spray zone
x Droplet number that cover the surface of one particle
x Mass of a binder single droplet

The particle number (Np) within the spray zone is calculated as:

O Mso

m
Pp 6d03

Np = (19)

where mgq is the seed mass, « is the mass fraction of particles in the
spray zone and dy is the seed arithmetic mean diameter. The droplet
number necessary to completely coat one single particle can be calculat-
ed as the ratio between the surface area of one particle (Ap) and the con-
tact area of a deposited droplet at the liquid-solid interface (A;s):

A7p o T[dgz _ 4d02
Ars gdﬁz dl52

(20)

where d;s is the diameter of the spread liquid droplet. According to
Clarke et al. [39] and Chua et al. [34], d;s can be estimated as a function
of the droplet size dy and the contact angle 6:

1
4sin(0) ’ d

- 2—3cos(6) + cos(0)’ @1)

dis = f(6)dg
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Taking into account Egs. (20) and (21), the droplet mass necessary
to form a liquid layer onto the surface of one particle is:

4d>  m 2np,do’d
Miger = — 2 py g dg® = =01 (22)
f(0)°dq 3f(6)
By multiplying Eq. (22) by Eq. (19), the droplet mass necessary to
cover the surface of all the particles within the spray zone is:

4p,a msody

23
ppdof(6)* )

Meoqting = NP Mygyer =

Hence, the characteristic time for droplet deposition is defined as the
droplet mass necessary to form a liquid layer onto the surface of all the
particles within the spray zone (Eq. (23)) divided by the melt flowrate:

4p o msody
Taep = deof(G)Z _ 4pLa mSOdd (24)
¢ g ppdof (0)°1hy

On the other hand, the physical model of the solidification process
has been investigated by several authors. In general, equations are pro-
posed for a flat liquid layer with a temperature that exceeds the melting
point [35,40]. Since for the available experiments [16] the liquid layer is
deposited on a solid surface with a temperature below the binder melt-
ing point, a heat transfer process has to be considered. Based on the so-
lution of the one-dimensional transient heat conduction in a semi-
infinite plate [41], the urea heat balance is given by:

kpTsor
= MygyerXuAH 25
Tfpp Pu layer*uB X fys ( )

m
5 dozppCpu (Tfus—Thea)
where cp,, is the urea heat capacity, Ty, the fusion temperature, k, the
particles thermal conductivity, x, the urea mass content, AHp,s the la-
tent heat of fusion and 7y, is the melt solidification time.

The solidification time is then obtained by replacing Eq. (22) in Eq.
(25):

(26)

Tsol

- 16m |: pLxuddAHﬂ,s
90 Pukp | £(0)* (Tus—Thea)

Finally, the dimensionless number that compares the binder solidifi-
cation and the droplet deposition characteristic times is formulated as:

16m { PrXudgAHp
_ Taot _ 2PoPukp | £(6)* (Tjus—Thea)
Tdep 4p o mgody

ppdof (6)* 11,

- 4ndopytingdaxe® AHy,s” (27)

9f(0)* e, ky Mo (Tus—Thea) ’

I

4.2.2. Heat transfer dimensionless number

The urea granulation process involves several thermal phenomena.
In addition to the sensible heats associated to the streams that enter
and leave the granulator, latent heats are present in the heat balance.
A very important dimensionless number in phase change phenomena
is the Stefan number, which is the ratio of sensible to latent heat [42,
43]. Regarding the latent heats, the urea solidification releases a large
amount of dissolution heat while the evaporation of the small amount
of water present in the melt withdraws energy from the system, partial-
ly balancing the exothermic dissolution heat. The evaporation heat per
mass unit is about nine times higher than the urea dissolution one.
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Fig. 4. Agglomerate mass percentage as a function of 1/Np, for changes in different process
conditions.

Nevertheless, due to the high urea mass content (about 96 wt.%), the
dissolution heat is considerably higher than the evaporation one [38].
To quantify the two latent heats involved in the urea granulation pro-
cess, the Stefan number is written as:

_ [qupu + (1 _Xu)pr] (Tfus_Tbed)

It XuAHps—(1—Xy) AHey

(28)

It is worth to mention that in the first dimensionless number (I1;),
just the dissolution latent heat is considered since I'T; is based on the en-
ergy balance at the liquid layer/solid interface where only urea solidifi-
cation occurs (Eq. 25).

4.2.3. Momentum transfer dimensionless number

The higher the particles velocity through the binder atomization
zone, the better the distribution of molten urea on the seeds and conse-
quently, the lower the probability of large agglomerates formation. Fur-
thermore, higher velocities increase the disruptive forces. Thus, the
third dimensionless number is defined as the ratio between the excess
air velocity (i.e., the difference between the superficial air velocity and
the minimum fluidization one) and the minimum fluidization velocity:

u—umf

I1; (29)

Upf

4.2.4. Dimensionless agglomeration kernel
In order to obtain a dimensionless correlation, the dimensionless
number Np,, which includes the factor [3, is proposed:

2
Mg
Ng, =Bo——F7—

- (30
(%) 5

As shown in Fig. 4, the agglomerate mass percentage for all the stud-
ied variables follows a unique trend as a function of 1/ Ng,. Therefore,
the dimensionless number given by Eq. (30) is appropriate.

Finally, the following correlation is proposed to gather the dimen-
sionless groups defined by Eqs. (27)-(30):

Np, = CoI T T, [T5% (31)

where ¢y, ¢y, ¢; and c; are fitting parameters. By replacing Eqs. (27)-(30)
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in Eq. (31), the next expression is obtained:

Mgp? ,
Bo . SO T3 = c0|:
(mLxu)ppgdp

andop; iy dx,> Ay r
9f(0)*cp, eyt M5 (Tpus—Thea) ’

[[Xucpu + <1 _Xu)pr] (Tfus_Tbed)] @ [u_umf] E
XuDHpys—(1—Xy)AHey Uy

For the calculation of the mass fraction of particles in the active zone
(), it is considered that the spray-zone height depends on the ratio be-
tween the droplets spray height (Lj) and the fluidized-bed height (L).
Therefore:

o = Lt (33)

Following the work of Hong et al. [44], the dimensionless ratio of Ljes
to the nozzle orifice diameter for the gas flow (d, ¢) is expressed as a
function of the Froude and Reynolds numbers as follows:

L. / /
ﬁ = KjecFresRe (34)

The Froude and Reynolds numbers are given by Fr = pg,Uje¢? /Pp&lng
and Re = pgljerdo/Har- Par and iy are the atomization air density and vis-
cosity, respectively, and uje; is the air jet velocity. Kje, ¢4 and c5 are fitting
parameters. By replacing Eq. 34 in Eq. 33 and considering uj,; = Aty

TPq¢ ﬂ-gzy
the mass fraction of particles in the active zone is calculated as:
! ! LJ !
o= Kjetdn,gFrC"ReCS K % patujet2 ! patujetdo s
- L T d
Pp&ang Hat
.2 C; . C;
_ Kje[dnTg < 161, 5) < 4mg[2d0 > (35)
T2 0qtp80n g Tdn g " Moy

To solve Eq. (32), an expression for the droplet diameter (dy) is re-
quired. Taking into account that an important parameter to characterize
the droplet diameter in twin-fluid nozzles is the gas-to-liquid mass
flowrate ratio (1 /g ) [45], the ratio of dy to the nozzle orifice diameter
for the liquid flow (d, ;) is given by:

dg Ty ) %
Gd_ (M 36
dn,L d (mat ( )

where K, and c; are fitting parameters.
By replacing Eqs. (35) and (36) in Eq. (32) and considering ¢4 = cCy,

. O / C . . . .
C5=1C1C5, (6 =C1Cs and ¢p = ¢, (,’(%) !, the following correlation is obtain-

ed:
2
BoMmso (37)

. m
(iux)p, g dy”

- |: 4ndOmeLdn.Lxu2AHfL52L :|Cl PXUCpu + (1 _Xu)pr] (Tfus_Tbed) @
9F(0)2Cpykpdng Mso (Tpus—Theq) XulHps— (1—Xu) AHey

U=t | [120000p80ng” | ™ [T g | [11
[ Upf :| |: lsmmz } |: 4mgdy } |:m7a[:|

In order to correlate the kernel as a function of the studied operating
conditions and seed mean size, the optimal ¢, (k = 0-6) were found by
minimizing the sum of the squared errors between the measured and
predicted 3y for the 43 available experimental points. The optimal
value found for ¢4 (0.00348) indicated that the term raised to the c4
power had a negligible influence on the correlation kernel. Therefore,

this term was removed from the correlation (Eq. 37) and a new multi-
parameter fitting was performed. Considering the best new fitted pa-
rameters, the kernel correlation (Eq. 37) becomes:

BoMso? { Antdop, 1ty dy %> AHps L rs
(xu)P, g d,’ 9f(0)*cp,kypdng mso (Tfus_Tbed)z
XuCPy + (1=%0)cPu) (Tris—Tped)]
XuBHps— (1—Xu) AHey
_ 26 .
|:u—lef:| 46 |:1 06 ﬁdngzuat:| I:ﬂ] 12 (38)
u Amged m
mf atto at

Eq. (38) provides a correlation to predict the kernel factor by using
macroscopic variables and properties of the system. Therefore, it repre-
sents an interesting tool to solve the PBE for melt granulation in fluid-
ized-bed granulators. It is worth to mention that all the physical
properties involved in Eq. (38) (pp, o, tas CPu» CPws» Kp, AHpis, AHe,) are
calculated from Meessen [46] and Incropera [52], d, ¢ and d,, ;. are the
geometrical dimensions of the spray nozzle and msg and x,, are fixed
values for all the experiences (2 kg and 0.96, respectively). L is experi-
mentally determined for each test, f(6) is considered equal to 1.83
(i.e., a typical value of =45° is assumed) for all the experiments and
Umyis calculated by the Ergun equation [53].

5. Dimensionless number to predict the occurrence of
agglomeration

Even though Eq. (38) is an interesting tool to calculate final particle
size distributions in fluidized-bed melt granulators, the complexity of
the PBE solution may limit its application. Instead, the development of
a criterion to predict the occurrence of aggregation or coating in terms
operating variables (such as the binder flowrate, fluidization air veloci-
ty, bed temperature, atomization air flowrate) and an initial particle size
would be very valuable to establish a priori the granules quality.

5.1. Previous dimensionless numbers and model validation

Several attempts have been made in the past to establish a parame-
ter that allows predicting the growth regimes in different types of gran-
ulation processes. In fact, for wet granulation, Ennis et al. [47] were the
first introducing a microscopic characterization of the granulation phe-
nomena to explain the growth mechanism. The established theory as-
sumed that when two non-deformable particles moving at given
velocities and surrounded by a thin viscous binder layer approach to
each other, a subsequent formation of a dynamic liquid bridge between
them occurs. Then, a collision results in successful agglomeration when
the formed liquid bridge solidifies keeping both particles bonded. The
Ennis theory is founded on two dimensionless numbers: the viscous
(St,) and the critical (St*) Stokes numbers.

The St, represents the ratio between the kinetic energy of the parti-
cle collision and the viscous dissipation caused by the dynamic liquid
bridge, as follows:

4ppd01,l0
9u

Sty = (39)

where pis the binder viscosity and 1 is the collision velocity. Following
Wasserman et al. [48] and Hede et al. [49], ug was as approximated by
the fluidized bed excess gas velocity (u — uy). Furthermore, St* is de-
fined as:

St* = <1 +%) In (%—:") (40)
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where e is the particle coefficient of restitution, he is the thickness of
the binder layer and h, is a measurement of the particle asperity height.
According to the Ennis model, if St,<St™ all collisions are successful (i.e.,
agglomeration occurs) whereas if St,>St* the granules grow by coating
since coalescence is not feasible.

On the other hand, Akkermans et al. [24] introduced a parameter
known as “Flux Number” (FN) derived for the industrial production of
detergents in top-spray fluidized-bed granulators. The FN has been par-
ticularly used by Boerefijn and coworkers [6,50] to scale melt granula-
tion processes from batch to continuous and to model the
agglomeration mechanism. As afore-mentioned, the FN describes the
balance between the solids flux in the spray zone (for top-spray config-
urations, the binder-particle contact zone is in the upper part of the flu-
idized bed) and the spray flux that wets the solids [6], as follows:

EFN = log [M]
mp

(41)
where Agprqy is the spray-on foot-print area of the nozzle onto the parti-
cles bed. This area is evaluated at the nozzle distance Dy, that is given
by:

Dspray = Lnozzle—L (42)
where Ly, is the nozzle height and L is the fluidized-bed height.

According to Akkermans' studies, FN > 3 ensures particles growth by
pure coating. However, excessively high FN must be avoided since they
cause undesirable effects such as too long operating times for low mi; in
batch processes, larger equipment to achieve identical residence time in
continuous processes, and elutriation of particles at very high fluidiza-
tion air flowrate [49]. Furthermore, Wasserman et al. [48] used the cri-
terion established by Akkermanns et al. [24] to determine the
operating regime of a top-spray fluidized-bed granulator for detergent
production, finding that coating is the main size enlargement mecha-
nism within the range 3.5 < FN < 5. These authors also used the viscous
Stokes number as a criterion to ensure particle growth by pure coating
(St,>10, preferably 100 < St,<1000).

Firstly, the feasibility of using dimensionless numbers already pro-
posed in the open literature to predict the growth mechanism of urea
granules is examined. From the available experimental data, St, and
St* are evaluated according to Egs. (39) and (40). It should be noted
that the value of the coefficient of restitution e for the urea granules is
0.35 (it represents the mean value experimentally obtained by using
the apparatus and the methodology given by Khoufech et al. [51]). Be-
sides, the mean particle asperity height h, is established at 0.01 mm
based on SEM photographs of urea particles [16]. For each experiment,
the thickness of the binder layer hp. is calculated considering the
seed size and the binder atomized mass.

Table 1 summarizes St, and St* for the 43 performed experiments,
which involved variations in: (u — ), iy, for two different superficial

Table 1
Comparison between St* and St, for the different performed experiments.
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Fig. 5. Agglomerate mass fraction as a function of the modified FN for changes in different
process conditions.

fluidization air velocities, riq;, dp and Tpeq. Noticeably, in all cases it is ver-
ified that St,>St", indicating that the dominat mechanism for granule
growth is pure coating. Evidently, this result disagrees with the agglom-
erate mass fraction obtained in several experiments (see Fig. 2). Fur-
thermore, the values of the viscous Stokes number are between 1447
and 2789, high above the minimum value (St, > 10) reported by
Wasserman et al. [48] to ensure particle growth by pure coating and
even outside the preferred range 100 < St,, < 1000 to successfully oper-
ate under a coating regime [49]. In conclusion, both criteria, the one de-
veloped by Ennis et al. [47] and that proposed by Wasserman et al. [48]
based on the Stokes number, are invalid for the system under study.
Similarly, the criterion of FN is analyzed. To determine this parame-
ter through Eq. (41), it is necessary to know the spray-on foot-print area
of the nozzle onto the particles bed. This variable is easily derived for
top-spray fluidized-bed granulators. However, the process under
study is based on a bottom-spray configuration. Hence, the binder
sprayed droplets are immersed in the fluidized bed of particles, being
the spray-on foot-print area not well defined. To estimate FN values rep-
resentative for the urea granulation system, the value of the functional
group reported by Akkermanns is modified by dividing by the spray
area given in that contribution [24]. Thus, an optimum range between
5and 7.5 is obtained for the modified FN. Then, the modified FN is calcu-
lated (Eq. (41) excluding the contact area between the binder spray and
particles) for the all the experiments. The relationship between the
modified FN and the mass fraction of agglomerates for each manipulat-
ed process variable is shown in Fig. 5. For urea granulation, the modified
FN must be greater than 5.95 to ensure an almost pure coating regime
(i.e., % A less than 5% by weight), while for the modified FN reported

Process variable

U—Upyys iy my

(u =3 m/s) (u =4m/s)
St* St,, St St, St* St,,
11.2 1447 10 11.0 2323 19 11.0 3320
11.2 1588 11 10.7 2366 20 10.6 3284
109 1896 12 10.7 2409 21 10.5 3232
11.0 1961 13 10.9 2286 22 104 3278
11.0 2655 14 10.8 2390 23 103 3140
10.8 3072 15 10.4 2338
109 3081 16 10.5 2327
11.0 3758 17 10.5 2396
10.8 3770 18 10.2 2281

Mg do Thed
St St,, St St,, St* St,
10.7 2167 28 123 2917 38 11.0 2274
109 2188 29 123 3000 39 11.0 2225
10.8 2219 30 116 2681 40 11.0 2339
10.8 2247 31 116 2592 41 11.0 2273
32 103 1975 42 108 2261
33 10.2 1984 43 10.8 2249
34 9.7 1712
35 9.7 1758
36 9.8 1767
37 9.0 1532
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by Akkermanns et al., [24] values greater than 5 are recommended to
guarantee growth by pure coating.

Clearly, the modified FN for all the performed experiments (includ-
ing those with a high percentage of agglomerates) are above 5, indicat-
ing that the minimum absolute value suggested by this theory is not
directly applicable to the system under study. In addition, this approach
does not provide a single value of the modified FN to estimate the con-
dition for agglomerate formation. Indeed, the lower limit for the FN is
dependent on the operating variables.

5.2. The dimensionless agglomeration parameter

Although the criteria available in the literature to predict the operat-
ing regimes were found to be valuable for other granulation systems,
they cannot be directly applied to the urea melt granulation. For this
reason, a new dimensionless agglomeration parameter (DAP) is postu-
lated in order to univocally identify the growth regime. In fact, and as
shown in Fig. 4, the dimensionless number N defined by Eq. (30) pre-
sents an univocous trend with the mass fraction of agglomerates. The
presented data show that the mass fraction of agglomerates rises sharp-
ly for large N, values. In fact, for 1/Ng <7 the A (%) is higher than 5%, in-
dicating that agglomeration is not negligible. However, although this
dimensionless number correctly delimits the agglomeration and coat-
ing regions for the process under study, the calculation of Ny, requires
the PBE solution (i.e., it depends on the values of (3, fitted from the
given experimental data). Taking this into account and the need of hav-
ing a parameter that depends only on the process conditions, Eq. (38) is
rewritten as follows:

! (Tj‘us—Tbed)l'g

> (u—umf)4'6doz'3

Np, =K (43)

where m, = i1 x, and K represents:

03 26
K —0.028 4mpydn % AHps L [ [xucpy + (1—=Xu)Cp,] r’gumﬁ.e 108 Mg Hye
9f(0)2cp kpdng msg| [ XulHpus—(1—Xu)AHey 4

(44)

For the case under study, K depends on variables that were not
changed during the experiments; then, its value is constant and equal
t0 2.41x107 1% [(kg m/s® )23/°C'3]. Therefore, the new dimensionless
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Fig. 6. Agglomerate mass percentage as a function of the dimensionless agglomeration
parameter DAP for changes in different process conditions.

agglomeration parameter DAP is defined as follows:

1 lma[3'8 (U—umf)4'6d02'3

DAP = =
NBO K mu]'s (Tfus—Tbed)l'a

(45)

It should be noted that the proposed parameter takes high values for
low mass percentages of agglomerates (i.e., for pure coating as the pre-
dominant growth mechanism). Fig. 6 shows the experimental mass
fraction of agglomerates as a function of the proposed parameter. Al-
though N, adequately represents the mass percentage of agglomerates
for different operating conditions by a unique relationship (Fig. 4), the
parameter DAP shows a higher dispersion (Fig. 6) since Eq. (45) does
not involve the PBE solution and, thus, it does not comprise the best
fitted Po.

For a given maximum allowable limit of agglomerates in the final
product, the appropiate DAP value can be easily set. For example, if the
maximum acceptable value for the mass percentage of agglomerates is
5, DAP should be greater than 6 whatever the chosen combination of op-
erating variables.

6. Conclusions

The population balance is the most frequently used modelling tool to
describe a wide range of particulate processes. However, its application
is limited by both the need of accurate kinetic parameters and appropri-
ate numerical solution techniques. In an attempt to contribute to the
modelling of fluidized-bed spray-on melt granulation systems, the
urea granules production is particularly studied. For this specific pro-
cess, which is carried out in a batch fluidized-bed unit where simulta-
neous coating and agglomeration occur, size-independent coating and
agglomeration kinetics best describe the experimental data obtained
under different melt and air atomization flowrates, air fluidization ve-
locities, seed sizes and bed temperatures. Although the size of the collid-
ing particles has no effect on the aggregation kernel, this parameter is
strongly dependent on the process conditions. The correlation proposed
to predict the SI kernel, from macroscopic variables and properties of
the system, can be used to provide starting kernel factors for solving
the PBEs governing spray-on melt granulation in fluidized-bed
granulators.

Unlike criteria available in the open literature to predict the operat-
ing regimes for other granulation systems, the criterion proposed in this
work adequately represents the spray-on urea melt fluidized-bed gran-
ulation. Besides, it is as a useful tool to select the process conditions that
lead to the desired growth regime (coating or agglomeration). Further
studies would be valuable to establish if the developed criterion can
be used to predict the limit of agglomeration occurrence for other fluid-
ized-bed spray-on melt granulation systems.
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