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ABSTRACT

The effect of the primary particle porosity during the formation of agglomerates in spray fluidized beds
is presented in this study. The method is based on the single micro-interactions occurring within the
fluidized bed such as inter-particle collisions, droplet spread on the particle surface, aging of the
deposited droplets and particle coalescence. The porous character of the particles is expected to directly
affect the aging process of the deposited binder layer by penetration into the pores of the substrate. The
droplet penetration process is experimentally analyzed by single droplet deposition on spherical,
porous alumina particles. The results indicate that the penetration process is mainly governed by the
viscosity of the liquid and that at relatively low viscosities, droplet penetration is fast. For highly
viscous liquids, the penetration velocity slows down and an additional mechanism, namely drying
becomes important. A combined imbibition-drying model is developed and included into a compre-
hensive stochastic agglomeration model that allows the simulation of agglomerate formation in a batch
process. Lab-scale agglomeration experiments with porous and non-porous particles are carried out in
an attempt to validate the general tendencies predicted by the main agglomeration model. The results
show that the agglomeration rate for porous particles is significantly reduced due to the losses of
deposited droplets into the pores of the primary particles; this tendency is much more pronounced at

low binder viscosities.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Size enlargement processes have the purpose of changing the
physical properties of powders in order to meet desired product
specifications such as size, shape, flowability, density, solubility
or porosity (Ennis, 1996). Agglomeration achieves size enlarge-
ment by combining small particles to larger entities (Couper et al.,
2010). This is commonly done by dispersing liquid binders onto
the powder bed and forming interparticulate bonds. One of the
most successfully applied devices is the fluidized bed spray
agglomerator. The most significant advantage of this apparatus
is that it allows the combination of binder dispersion and drying
in a single process (Litster and Ennis, 2004). However, the
complexity of the hydrodynamics of fluidized systems combined
with the study of agglomeration, breakage and drying Kinetics
makes the process relatively difficult to describe. The mathema-
tical description of a system of particles undergoing agglomera-
tion is usually done by population balances (Kumar et al., 2008).
Although this approach has been successfully applied, it shows
several drawbacks such as the uncertainties of choosing among
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many available agglomeration or rupture kernels, the complexity
of numerical solutions and the limited capability of introducing
several processes simultaneously. These disadvantages can be
overcome by the use of stochastic methods (Zaho et al., 2007). The
micro-level stochastic modeling of agglomeration processes has
been applied by several researchers demonstrating that the
stochastic solution is able to describe the size enlargement
process in a straightforward manner. Recent publications have
focused on the use of this approach to analyze the effect of
process parameters such as binder addition rate, binder viscosity,
fluidization velocity or liquid-solid contact angle on agglomera-
tion kinetics of non-porous particles (Thielmann et al., 2008;
Terrazas-Velarde et al., 2009). However, the intraparticle porosity
of the primary particles may lead to a significantly different
agglomeration behavior. The present work deals with the effect
of the porous nature of substrates on agglomerate formation. The
study is based on the stochastic approach presented by Terrazas-
Velarde et al. (2009) with proper extensions to the model in order
to include droplet imbibition into the porous particles (in this
work the term “imbibition” is used as synonym for droplet
penetration or absorption). Additionally, experiments at micro-
level scale are compared with the model of droplet penetration
into the pores of the particles and lab-scale experiments are
carried out in an attempt to validate the agglomeration model.
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2. Computational method
2.1. General algorithm

The micro-level investigation of agglomeration Kkinetics
involves the study of several mechanisms happening within the
apparatus such as droplet capture, particle wetting, deposited
droplet drying, particle collisions or liquid bridge formation and
solidification. As suggested by several authors, the droplet cap-
ture mechanism is the rate determining step during agglomera-
tion (Tan et al., 2006). The droplet addition rate is directly related
to the binder mass flow rate, droplet and particle diameters and
the initial bed mass or the number of primary particles in the bed
as follows:
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This quantity represents the number of droplets per primary
particle per second that are sprayed onto the powder bed and
should be equal for the real and simulated fluidized bed. As
overspray or premature droplet solidification is not accounted for,
y also represents the droplet capture rate.

Once the particle captures a droplet, this droplet spreads on
the particle surface and, depending on several parameters such as
droplet impact velocity, liquid viscosity or surface tension, it takes
its equilibrium shape. The present study assumes that the
equilibrium shape is reached immediately after deposition and
that the deposited radius a and height hy can be calculated by the
so-called two parameter model equations (Clarke et al., 2002)
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The porous or non-porous character of the particles is not
expected to affect either the rate of droplet capture ) or the initial
binder height hg as these parameters depend only on droplet and
particle diameters as well as solid-liquid contact angle. However,
once the droplet is deposited, the porosity of the particles plays a
major role in the droplet availability for a successful collision. In
non-porous particle systems, deposited droplets that have not
been consumed to form a liquid bridge undergo height reduction
only by drying. On the contrary, in porous particle systems the
droplets not only dry but also penetrate the particles, reducing
the droplet availability in the system and presumably decreasing
the agglomeration efficiency.

In order to correlate the real with the computational time, the
following empirical correlation which describes the number of
collisions that a single particle experiences per second is used
(Buffiére and Moletta, 2000)
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where f, is the collision frequency in 1/s, ug is the fluidization
velocity in m/s, ¢exp and ¢py are the solid volume fractions of the
expanded and the fixed bed, and F.,; is the collision frequency
pre-factor. In the work of Buffiere and Moletta (2000), this
parameter was adjusted to F.,;=56,400 on the basis of experi-
ments in aerated liquid-fluidized beds. However, F,; can be
readjusted to describe the collision behavior of any particle
population. In the present work, Eq. (4) was applied by adjusting
Fe.on for a single “base-case” simulation to the corresponding
experimental results. In this way, an estimate of the number of

collisions per particle per second which is characteristic for the
investigated particulate system was indirectly accomplished.
Then, this value of F.,; was used for every simulation of the same
particulate system. It is presumed that the obtained f.,; repre-
sents the collision frequency which becomes efficient in the sense
of agglomeration (Terrazas-Velarde et al., in press).

The solution method follows an event-driven scheme with
periodical particle regulation, the so-called Constant Volume
Monte Carlo method. The entire particle population, consisting
of N, particles, is divided into two randomly chosen groups of
equal size. When the number of particles is odd then the last
particle of Group A does not collide in this particular collision.
Due to the high number of particles and collisions, the non-
collision of a single particle is not expected to have a big influence
on the simulation. Furthermore, in reality, it is also possible that
not all collisions take place between particles, e.g., particle-wall
collisions which does not produce any coalescence. The selection
of the colliding pair of particles is independent on particle
properties. An event k is defined as the pairwise collisions
between all particles of the two groups. The number of desired
events k is given at the beginning of the simulation and each
event corresponds to i=N,/2 pairwise collisions. Each collision i is
monitored in order to determine whether agglomeration or
rebound takes place. Once the number of pairs i has finished in
k, the new properties of the particle population are determined
and the length of the actual time step is set to

1
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Then, the next two groups of particles are chosen for the event

k+1 until k+1=Kke,q. The elapsed real time is calculated as

Kend

treal = Z tstep- (6)

k=1

The well known Stokes criterion is used for the description of
agglomeration-rebound events (Ennis et al.,, 1991). A pair of
colliding particles is assumed to coalesce when their Stokes
number St described by

(7)
is smaller than the critical Stokes number St..q given by

St = (1 1) (1), ®

Here the average agglomerate My, mass and diameter d,g,,
respectively, are
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That means Eqs. (7)-(10) are applied to each sub-collision i
(assuming than the particles contact each other in a wet position).
For the concept of positions which give the assumed agglomerate
structure as well as further details on the method please refer
to Terrazas-Velarde et al. (2009) and Terrazas-Velarde (2010).
Regarding the collision velocity included in Eq. (7), it is assumed
to be independent of the agglomerate mass and directly related to
bed turbulence and to the superficial gas velocity uq (George et al.,
2008). Then, the collision velocity of the pair of particles u. is
randomly chosen, assuming a normally distributed function
around a mean value equal to 0.5uy with a standard deviation
of 0.1 m/s. For the sake of simplicity both values are assumed
constant and independent of agglomerate size or agglomerate size
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distribution. The relaxation of this assumption certainly represents an
area of improvement; a collision velocity based on the granular
temperature (Gidaspow, 1994), generally obtained from expensive
CFD simulations, may be quantitatively more accurate (Rajniak et al.,
2009). However, this is beyond the scope of the present study.
Regarding the kind of distribution, and analogous to the kinetic
theory of gases, it is widely accepted that the distribution of particle
velocities within the fluidized bed may take the form of a normalized,
Gaussian curve (Cryer, 1999). The value of the standard deviation was
taken based on the order of magnitude of the superficial fluidization
velocity. Certainly, the assumptions taken in this respect may be a
source of error and represent a limitation to the stochastic methods.
However, the simplification adopted here is not expected to affect
qualitatively the interactions between the various micro-mechanisms
considered.

As it can be seen in Eq. (8), the coalescence limit of the
particles is ruled by material properties such as the restitution
coefficient e or the height of the surface asperities h,. Addition-
ally, the deposited layer height h plays a major role in the
coalescence process. Immediately after the formation of a sphe-
rical cap on the particle surface, the deposited droplet is available
to potentially form a liquid bridge and produce coalescence with
another particle or agglomerate. However, if no successful coales-
cence is observed, the deposited droplet ability to dissipate the
collision kinetic energy is modified as time advances. Two main
mechanisms are responsible for the aging of deposited droplets,
namely droplet drying and imbibition into porous substrates. The
nature of the solid substrate is crucial and decides which
mechanism dominates during height reduction. In non-porous
systems, deposited layer reduction and, eventually, the slowing
down of agglomeration due to droplet losses are solely attributed
to drying of the liquid binder. On the other hand, both mechan-
isms are present in porous systems.

2.2. Deposited droplet drying

In this study, the reduction of the deposited droplet height
only by drying is described by

. 2pgMyw B (P 1 17"
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where 8 is the mass transfer coefficient, P, and P are the
saturation vapor pressure and the system pressure, respectively.
The molar fraction in the gas phase y, is calculated by assuming
that the fluidized bed is a perfectly mixed medium and that the
amount of evaporating water is at any time equal to the amount
of sprayed water as

—
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Then, Eq. (11) describes the reduction of the deposited droplet
height with time as a function of temperature, fluidization
velocity, contact angle, particle, binder and fluidization gas
properties. A discussion on the experimental validation of the
model can be found in Terrazas-Velarde et al. (in press).

2.3. Deposited droplet imbibition

The imbibition process is assumed as the liquid penetration
into a network of non-interconnected and equisized cylindrical
pores as it is schematically depicted in Fig. 1.

Then, the mass of liquid in a cylindrical capillary at any time is
given by

M = p\Vi = pyrr’y, (13)
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Fig. 1. Schematic representation of the imbibition model.

where r is the capillary radius and y is the vertical distance from

the liquid reservoir.

Taking the first derivative of Eq. (13) one obtains the liquid
penetration velocity into the capillary as follows:

—— =Pt . (14)

Additionally, it applies for the deposited droplet (spherical
cap)

1 1
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Deriving Eq. (15) the following expression for the transient
reduction of the liquid layer height is obtained:

~ 1 1],,dh
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Considering the solid particle as a matrix of vertically arranged
capillaries (pores), the total number of open pores on the wetted
surface, is given by

Awer
Apore

Npore = &p a7

This last equation accounts for the intraparticle porosity ¢, and
the ratio between the wet surface area covered by the droplet Ay,
and the pore cross section area Apore. These characteristic areas
can be described by

o5 o sin0 2
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Apore = T pore. (19)

Combining Egs. (18) and (19) in Eq. (17) the following relation-
ship for Ny is obtained:

h? sinf \?2

Furthermore, the mass being lost in the deposited droplet can
be expressed as

dM, dM,
dlc:ap = —Nporeditl~ (21)

Combining Egs. (14), (16) and (20), with r=rpe in Eq. (21), the
following expression is obtained:

dh g ( sind \’r 1 177" 2
dy ~ 3 \1-cos@/) |1—cos@ 3| - @2

Solving Eq. (22) for h, the geometrical relationship between
the height of the liquid layer and the penetration distance into the
capillaries y can be expressed as

. -2
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Following the well known Washburn theory (Washburn, 1921;
Czachor, 2007), the penetration of a liquid (in this case binder
solution) into a capillary of radius r (or radius of the pore ryor) is
described by a force balance of the form

Fo=Fg+F,, 24)

where F,, Fgr and F, are the capillary, gravity and viscous forces,
respectively, described by

Fe = 27trpore 0y COS O, (25)

Fgr= 7-"'plgrﬁorey' (26)
d
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In Eq. (25), 0. is the internal contact angle within the capillary.
As this quantity is not observable and for the sake of simplicity, it
is assumed than the contact angle at the surface of the particle is
equal to the internal contact angle. An additional assumption of
the model refers to the effect of gravity on the imbibition process.
It is widely known than capillary and viscous forces act opposite
to each other. However, depending on the position of the
deposited droplet with respect to the gravity field, the gravity
force may accelerate or reduce the penetration velocity. A
deposited droplet may be located at the top of the particle with
gravity and capillary forces acting in the same direction facilitat-
ing in this way the penetration of the liquid into the pore. In the
opposite case, when the droplet is located at the bottom, gravity
and capillary forces act in opposite directions and imbibition may
be slowed down. Due to the permanent rotation of the particles in
the fluidized bed, these two cases (top and bottom) as well as any
other position of the droplet with respect to the direction of the
gravity field are possible. Therefore, it is assumed than the
influence of gravity may be, in average, neglected. Centrifugal
forces that may arise from the rotation of the particles are not
accounted for in the model.

Combining Egs. (25)-(27) with (0.=0)<90°, the following
expression for the imbibition velocity of the meniscus at height
y of a single capillary of radius 1y is obtained

dy _ OiTpore COS 0

Ve = 4

Substituting Eq. (23) into Eq. (28) and solving for h, the
following expression is obtained:
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Eq. (29) can be used to calculate the imbibition time t;;p
needed for reducing the height of a droplet deposited on a porous
particle of porosity ¢, from hg to hjmp as a function of contact
angle, liquid surface tension and viscosity.

(28)

3. Experimental methods

3.1. Micro-scale experiments: penetration of liquid binder into
porous particles

Before introducing the penetration micro-model described by
Eq. (29) into the main agglomeration model, several imbibition
experiments of liquid binder (aqueous solution of hydroxypro-
pylmethylcellulose (HPMC), Pharmacoat®” 606 from Shin-Etsu,
Japan) on porous alumina particles were carried out. A complete
characterization of the properties of HPMC solutions can be found
in Nagai et al. (1997) and Aulton et al. (1997). For the context of
this work it is important to point out that the density and surface

tension of the solutions do not considerably vary with the solute
mass percentage, but the binder viscosity increases strongly with
the solute concentration. Eq. (27) shows that the reduction rate
of the binder layer is, then, mainly governed by the binder
viscosity .

The experiments consisted in single droplet deposition of
HPMC solutions of different viscosities on porous alumina parti-
cles by means of a micropipette. The micropipette was calibrated
to deliver droplets of V;=0.4 pl corresponding to an equivalent
diameter of dy=0.9 mm. The experiments were performed at
ambient conditions of T,=23 °C and Yy=>5 g/kg. Since no closed
chamber was used, the air velocity in the vicinity of the droplet
was measured by a thermal anemometer. A value of approxi-
mately up=0.1 m/s was observed. The alumina particles have a
diameter of d,=2.8-3 mm, a porosity of ¢=0.75 and a pore
radius of r,o.=5 nm (Kwapinski and Tsotsas, 2006). The experi-
mental parameters are shown in Table 1. The imbibition process
was recorded by a medium-speed camera, the frame sequence
analyzed and the height of the deposited layer monitored
with time.

3.2. Lab-scale agglomeration experiments

The solids used for the agglomeration trials were glass and
alumina particles. Solid properties are listed in Table 2. The glass
beads were supplied by Cerablast, Germany, and the alumina
particles by Sasol, Germany. The number density qo and the
cumulative size distribution Qg for both solids were obtained by
a Camsizer 0135, Retsch Technologies, Germany. Fig. 2(a) and
(b) show the size distribution and the appearance of glass and
alumina particles, respectively. The average particle diameter
dpo=dso was obtained from Qq. The particle sphericity of both
solids was also obtained by the Camsizer.

Regarding the restitution coefficient for glass, it is reported in
literature that the actual value lies between 0.9 and 0.7 depending
on glass composition, impact velocity and angle of impact (Utikar
and Ranade, 2007; Sommerfeld and Huber, 1999). For the sake of
simplicity, a value of 0.8 was taken. The value for alumina
particles is reported by Antonyuk et al. (2007). The particle
density was obtained from measured bed density with a porosity
of &peg=0.4. The obtained values were found to be in good
agreement with typical from literature. The intraparticle porosity
of alumina is reported by Kwapinski and Tsotsas (2006). The pore
diameter for the alumina particles used in the agglomeration

Table 1
Experimental parameters for the droplet penetration investigation.

xXp (%) o1 (N/m) pi (kg/m?) i (Pas)
2 0.0466 1001.5 0.008
4 0.0464 1007.5 0.025
6 0.0461 1011.2 0.060
Table 2
Properties of the glass beads and alumina particles.
Glass Alumina
Particle average diameter, dso (mm) 0.40 0.36
Particle sphericity, i (dimensionless) 0.97 0.94
Restitution coefficient, e (dimensionless) 0.80 0.60
Particle density, p, (kg/m?) 2400 1400
Liquid-solid contact angle, 0 (deg) 40 60
Intraparticle porosity, &, (dimensionless) 0 0.75
Pore radius, rpore (NM) 0 4
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Fig. 2. Initial particle size distribution and appearance of glass (a) and alumina (b) particles.

experiments was determined by mercury intrusion. The contact
angle for glass was obtained from droplet deposition experiments
on glass surfaces (Terrazas-Velarde et al., 2009) and for alumina
from the first frame of the droplet penetration experiments
presented in Section 3.1. These values were found to be in
accordance with experimental values reported in literature
(Mao et al., 1997; Liechti et al.,, 1997; Chunsheng et al., 2008;
Rendén et al., 2006).

The otherwise smooth surface of the glass particles had easily
distinguishable asperities of approximately 10 pm in height. The
surface of the alumina particles was rough. The height of the
asperities of the alumina particles was difficult to estimate
because the surface was irregular and asperities were present
all over the surface with a widespread distribution of heights;
well distinguishable asperities were usually located in depres-
sions of the surface and they were quite long so that the
distinction between an asperity and bigger irregularities could
not be completely achieved. Then, the value of h, for alumina
particles was the result of the analysis of many SEM pictures of
several particles. Sample pictures of both surfaces can be found
in Terrazas-Velarde (2010).

The experiments were performed in a cylindrical lab-scale
fluidized bed agglomerator with diameter of 15 cm and height
45 cm. The fluidization and atomization air was provided by gas
dosing units. The binder was continuously added in top spray
configuration by means of a two fluid nozzle from Schlick Series
970. The binder was the same as used for the investigation of the
droplet penetration mechanism presented in the last section,
HPMC. A piston pump controlled the binder addition rate and
the online measurement of the sprayed amount was monitored
by a balance. During agglomeration, samples were taken every
30s; average diameter and particle size distributions were
obtained by offline measurement using the Camsizer 0135, Retsch
Technologies. The sampling was continued until bed defluidiza-
tion. As binder viscosity has been identified to play a major role in
the imbibition mechanism, variations of the initial binder com-
position were performed. The experimental parameters of the
lab-scale investigation are shown in Table 3. The experiments are
labeled E.01-E.06.

Unfortunately, the properties of the solid particles are so different
that the porosity effect cannot be directly tested. Alumina particles
are much lighter, so that under the same fluidization velocity the
height of the alumina bed and its voidage will increase. This affects
the travel distance of the droplets before they reach the bed and can
produce significantly different droplet premature solidification rates.
The binder-solid contact angle of both materials also differs. This
leads to a situation in which the surface coverage of the droplets, as
well as the initial deposited layer height are different, having a direct
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Table 3
Lab-scale experimental parameters.
Glass Alumina
Bed mass, Mpeq (g) 500 300
Particle average diameter, dso (mm) 0.40 0.36
Particle density, p, (kg/m?) 2400 1400
Binder mass flow rate, M, (g/h) 300 420
Fluidization velocity, up (m/s, 1.35 0.78
Fluidization number, uy; (dimensionless) 8.5 10.3
Gas mass flow rate, Mg (kg/h) 100 58
Gas inlet moisture content, Yy, (g/kg) 0.4 0.4
Gas inlet temperature, Ty, (°C) 30 30
Binder viscosity, y (Pas) 0.025-0.322 0.025-0.322
4 (E.01) 4 (E.04)
Binder mass fraction, x;, (%) 8 (E.02) 8 (E.05)
10 (E.03) 10 (E.06)

implication on the agglomeration behavior. In addition, alumina
particles have higher asperities than the glass particles, and the
restitution coefficients are also not the same. This makes the isolation
of the imbibition mechanism in the lab-scale tests rather difficult,
since no material differing only in its porosity but with otherwise
identical properties is available.

Nevertheless, the experimental process parameters were adjusted
in such a way that the effect of the penetration mechanism could be
indirectly tested. For example, in an attempt to reach approximately
the same values for the height of the bed, the fluidization gas mass
flow rate of the alumina experiments was reduced. Additionally,
attention was paid to the comparability of parameters which are very
important for model validation. One such parameter is the droplet
addition rate 7. This quantity describes the number of droplets
introduced to the agglomerator per primary particle and per second
and is the base of the equivalence between the real and the simulated
system (Eq. (1)). As this parameter varies with the number of primary
particles and the binder addition rate, both quantities had to be
modified for the case of alumina particles. The mass of particles was
reduced to 300 g and the binder addition rate increased to 420 g/h. In
this way, both systems show a value of y=0.05 s~ ! (see Table 7 for
the simulation parameters).

4. Results and discussion
4.1. Micro-scale experiments

Fig. 3 presents a typical sequence of the imbibition experi-
ments performed in this study. It can be recognized that the
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droplet penetrates into the porous substrate until it finally
vanishes.

The experimentally obtained penetration times are shown in
Fig. 4(a) as a function of binder viscosity and compared with the
penetration model given by Eq. (29). As it can be seen, the model
gives higher penetration velocities as the viscosity of the binder
solution is reduced, which is also experimentally observed.
However, the model underestimates the measured penetration
velocity for every binder concentration. This underestimation
becomes more severe as the binder viscosity increases. The reason
of this behavior may be that droplets of low concentration
penetrate, while droplets of high concentration additionally dry
before they can fully go into the particles. This means, besides
droplet penetration, drying of the deposited droplet also plays a
role in the reduction of layer height. Then, the influence of drying
is expected to be more pronounced for highly viscous binders. In
order to implement this effect, the drying model described by
Eq. (11) was used.

Fig. 4(b) plots the experimental results against the combina-
tion of both, the imbibition and the drying model. As it can be
seen, the model comes significantly closer to the experimental
results for all binder compositions when the drying mechanism is
included. A part of the remaining derivation may be caused by the
two parameter model equation used in the derivation of the
imbibition model, specifically in Eq. (25), where a is substituted
by h. The two parameter model (Egs. (2) and (3)) is valid as long
as dg < dp. Under these conditions, the particle curvature can be

Fig. 3. Droplet penetration into a porous alumina particle.

1871

neglected and the geometrical relationships are very accurate. As
the two diameters come closer, a progressive loss of accuracy is
observed. The experiments of this study were performed at show
a value of dp/dq~ 3. For this aspect ratio and the experimental
conditions, Eq. (3) gives an underestimation of approximately 20%
of the actual value of h.

The assumption that both contact angles, surface and capillary,
are equal and constant during imbibition represents an additional
uncertainty as this may or not be the case. Another possible
explanation for the deviations of the model may be found in the
non-accounting of the centrifugal forces that may appear as the
particles and the deposited droplets rotate within the fluidized
bed. However, the main reason for the observed deviation is seen
in the model assumption of equally sized, uniformly distributed
straight and parallel capillaries. Fitting in the frame of this model
is not necessary for the present investigation and would not make
much sense. Thorough studies by means of pore network models
(see, for example Metzger et al. (2007)) are planned for the future.

Irrespectively of the attained accuracy, even this simple model
is sufficient to discuss conditions that lead to the clear conclusion
that the porous character of the primary particles has a stronger
influence at low binder viscosities since much more droplets will
be lost due to penetration. This causes a significant reduction of
the agglomeration efficiency of porous particles. On the contrary,
at high viscosities, droplet penetration is impeded and a similar
behavior between porous and non-porous particles is expected.

4.2. Lab-scale agglomeration experiments

Fig. 5(a) and (b) show the experimental results for non-porous
(glass) and porous (alumina) particles, respectively. In Table 4, the
results are expressed as agglomeration rates R obtained by linear
least squares regression over all the measured points. As it can be
seen, for both systems, agglomeration rate is enhanced as binder
viscosity increases. This is expected since a more viscous layer is
able to dissipate a larger fraction of the collision energy resulting
in a higher number of coalescence events. This tendency was
already discussed in previous literature (Ennis, 1996; Tan et al.,
2006; Terrazas-Velarde et al., 2009).

It can also be observed that even if the binder addition rate for
alumina is almost 50% higher than the one for glass (recall that y
must be kept constant), the agglomeration rates of both systems
for the same viscosity stays very close to each other (Table 4).
This phenomenon contradicts the well proved theory that the
binder addition rate determines the speed of agglomeration
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Fig. 5. Experimentally obtained change of particle size for glass beads (a) and alumina particles (b) as function of the initial binder mass percentage.

Table 4
Measured average agglomeration rates.

Table 6
Parameters for the calculation of Stcoq0 and St;oal‘o. for glass and alumina systems.

Xb (%) Rglass (mm/S) Raum (mm/S) Glass Alumina
4 0.0019 0.0022 e (dimensionless) 0.80 0.60
: 0.0036 0.0035 0 (deg) 40 60
10 0.0052 0.0060 ho (mm) 0.0279 0.0371
Mo (8) 8.04x107° 3.44% 1073
dpo (mm) 0.40 0.36
0.675 0.390
Table 5 uc (m/s)

Initial agglomeration window w=St;oq; 0 — Stcoaro for glass and alumina particles as

function of asperities height h, and binder mass percentage xp.

hq (mm) Welass (dimensionless) Waum (dimensionless)

4% 8% 10% 4% 8% 10%
0.010 -0.55 1.82 2.09 2.63 3.35 3.43
0.015 —-1.47 0.90 117 1.55 2.27 235
0.020 -2.11 0.26 0.53 0.78 1.50 1.58
0.025 —-2.62 -0.25 0.02 0.18 0.90 0.98

It is important to point out that the values of the agglomera-
tion window are totally independent from the porous character of
the materials and are calculated with the mean value of the
collision velocity u.=0.5uq, droplet diameter dyo=80 pum and
h=hg as given in Table 6. Additionally, it has to be said that the
fact that other parameters than particle porosity were changed
when switching from glass to alumina is already included in the

(Tan et al., 2006). Then, it would be expected that, under the given
conditions, the alumina system agglomerates much faster than
the glass particles. By looking at Table 3, it can also be noticed
that the fluidization velocity for alumina is lower than the one
used in the glass system (recall that the distance from the top of
the bed to the tip of the nozzle should be kept constant). It is
known that, in top-spray drying process with aqueous based
binders, smaller fluidization velocities lead to higher agglomera-
tion rates. However, even if the fluidization gas for alumina is
approximately 50% smaller than the one for glass, the positive
effect of lowering ug is not really seen in Fig. 5 or in Table 4. Then,
it can be inferred that there is an additional phenomenon which
hinders the alumina system from showing a much faster agglom-
eration, even if the binder addition rate is 50% higher and the
fluidization velocity 50% lower than for glass particles.

Table 5 presents the calculated initial agglomeration window
(w=Stzaa,'0—Stmam) for different values of surface asperities
height h, for both systems, glass and alumina particles, at the
experimental conditions. The agglomeration window w is an
indicator of the coalescence ability of the system. Large agglom-
eration windows exist when the Stokes number is far from the
critical Stokes number. This eventually means that the system is
allowed to grow within a larger operational range. Small agglom-
eration windows describe a system which is very close to its
limiting, maximum coalescence size.

parameter w, agglomeration window, for glass and alumina
because for the calculation of w the experimental parameters
are used.

As it can be seen, the agglomeration window for the alumina
particles is significantly larger than the one for the glass particles
at every binder viscosity and asperities height, therefore it is
expected that the glass particles agglomerate much less. Particu-
lar attention deserves the lowest viscosity case for the non-
porous system where a negative agglomeration window is
observed. A value less than zero means that, initially, the Stokes
number exceeds the agglomeration limit; under these conditions
no size enlargement can take place. However, as the deposited
droplets dry on the particles, they increase in viscosity and at
some time the droplets are viscous enough to dissipate the
collision kinetic energy and produce a successful coalescence.
From this point on, agglomeration is possible. This can explain the
initial non-growth period for the experiments with glass particles
at the lowest initial viscosity (E.01) shown in Fig. 5(a).

It is obvious that the glass system, particularly at low binder
viscosities, has a big disadvantage in comparison to the alumina
system. The agglomeration window of glass must first reach the
value of zero (when Steoq ~ Stear) before the first coalescence can
take place, while the alumina system starts size enlargement
right after the binder is sprayed onto the bed. Moreover, even if
the system overcomes this limit, the alumina agglomeration
window is still much wider than the one observed for glass
particles. Therefore, it is expected not only that alumina



K. Terrazas-Velarde et al. / Chemical Engineering Science 66 (2011) 1866-1878 1873

15
+XD=4%
—EI—XD=B%
14 —— x, =10% | 4
— 13 f 1
b
ﬁﬁ
12
n
11 1
1 1 1 iy
0 50 100 150

1[s]

Fig. 6. Experimentally obtained relative diameter between alumina (PO) and glass
(NP) particles.

agglomerates faster, but also that the difference between the two
systems should be much higher at a binder mass percentage
equal to 4%.

A useful representation of the experimental results is given in
Fig. 6 by the diameter ratio between the porous and non-porous
particles

Aoy — G0/ Gp0)atum
rel,exper (dp/dp,0)glass

There it can be recognized that, contrary to the expected
response, the lowest difference (drejexper Closest to unity) is
observed for the lowest tested mass percentage of 4%. According
to the above explanation, however, the lowest viscosity curve
should lie above the other two lines, which is obviously not
the case.

This clearly suggests that the negative effect of droplets lost
due to binder imbibition into the porous particles, which is much
stronger for low viscosity binders, has caused the reduction of the
experimental agglomeration rate for porous particles. This nega-
tive effect was obviously big enough to overcome the main trend
and even forced the curve under the other two lines. In order to
demonstrate this interpretation, two main groups of simulations
were performed, “real system” simulations for non-porous glass
and porous alumina and “fictitious system” simulations which
correspond to porous glass and non-porous alumina. In the
porous cases, both systems are assumed to show the same
porosity ¢, and pore radius rpr as the alumina particles (Table 2).

(30)

4.3. Isolation of the droplet imbibition mechanism, simulation
results

Due to the significantly different properties of the two solids, it
was necessary to carry out two sets of simulations, one according
to the glass properties and a second one following the alumina
properties, each of the sets with and without particle internal
porosity. The simulation parameters follow the experimental
parameters given in Table 3. Additional parameter are as per
Table 7. For the simulations, two important parameters should be
additionally known, the height of the asperities h, and the time

Table 7
Simulation parameters.

Glass Alumina
h, (Hmy 10 15
dg (um, 80 80
y (1/s) 0.05 0.05
T (°C) 14.0 17.8
Y (dimensionless) 0.0054 0.0122
Y (g/kg) 34 7.6
Feon (1/m) 10 45
fcoll,O (]/S) 1.6 4.1
tstepo (S) 0.625 0.244
Np o (dimensionless) 2000 2000

between collisions, represented by the collision frequency pre-
factor F,.;. The measurement of the height of the asperities for the
alumina particles was, as stated before, a difficult task due to the
irregular particle surface. However, as the agglomeration window
w for glass is at any value of asperities height narrower than the
one exhibited by the alumina system, and knowing that hggjass is
approximately 10 pm, a 50% higher value was assumed for the
alumina particles (hg gum=15 pm).

Regarding the collision behavior of the systems, a suitable
collision frequency pre-factor F.,; was obtained by adjusting
the results of the non-porous (NP) simulation with x,=8% to
the corresponding experiment (E.02) for the glass particles. For
the alumina system, the model predictions of the porous (PO)
simulation with the highest tested binder concentration x,=10%
were adjusted to the experiment at the same conditions (E.06).
This was done because it is expected that the effect of droplet
imbibition is less strong for higher binder mass percentages and,
therefore, the effect of the number of collisions can be better
isolated than in the lower viscosity cases. The best fitting values
were F,;=10 for glass and F.,;=45 for alumina (see Table 7). A
deeper discussion on the effect of the number of collisions in the
agglomeration behavior can be found in Terrazas-Velarde (2010)
and Terrazas-Velarde et al. (in press).

Fig. 7(a) and (b) present the comparison of simulation results
between non-porous particles and their porous counterparts for
glass and alumina systems, respectively. As it can be seen, the
agglomeration rate is significantly decreased when the imbibition
mechanism is implemented into the model. While in the non-
porous simulations the droplets are lost only through drying,
when imbibition is accounted the deposited droplets additionally
penetrate into the porous substrate.

Fig. 8 depicts the relationship between the layer reduction
velocity by imbibition and by drying as a function of the binder
mass percentage for binder deposited on (fictitious) porous glass
in the form

_ (dh/db)imp
© (dh/db)gy,

1))

(€3]

Consequently, v < 1 represents conditions for which the layer
reduction process is dominated by the drying mechanism. As it
can be seen, low-viscosity droplets penetrate considerably faster
and the aging of the layer is governed by penetration. For the
high-viscosity cases, the penetration mechanism is not that
important and the reduction of the layer results from a combina-
tion of both, drying and penetration.

Table 8 presents for both systems the time necessary to reduce
the binder height h to the height of the asperities h,, for pure
drying and for the drying-imbibition model. The limit h=h,
defines the minimum binder height that satisfies the first
agglomeration condition. As it can be seen, the consideration of
imbibition has a direct influence on the time period, during which
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Fig. 7. Effect of the consideration of the imbibition mechanism (bold curves) for glass (a) and alumina (b) particles as function of the binder mass percentage.

Fig. 8. Relative aging velocity by penetration and drying.

a droplet is able to form a bridge. An additional important parameter
is the length of the interval between collisions. Table 8 additionally
presents the number of collisions that a droplet can undergo before
its maximum height becomes smaller than h, This value can be
approximated to the integer function of

Ly
Ncoll,dry = ti + 1v (32)

step
for processes accounting only drying as a droplet aging mechanism,
and

t .
dry +imb +1'

Ncoll,dry+imb = (33)

tstep

when additionally intraparticle droplet penetration is considered. As
the droplet can theoretically also be consumed immediately after
deposition, the minimum possible value of N,y is unity. Since the
length of the time step varies in the course of the simulation, the
calculated N,y represents only an approximation. However, it gives
a good indication of the number of collisions that a potentially
usable droplet survives on the particle surface. When the imbibition
mechanism is considered, the number of collisions in which a

droplet can still be used is reduced. As expected, this reduction is
much stronger for low viscosity binders due to the higher imbibition
velocities. This has direct implications in the fulfillment of the
agglomeration conditions.

Figs. 9 and 10 present the relative height of the deposited droplet
at the moment of coalescence for both systems as a function of the
initial binder concentration. It is easily recognizable that when
imbibition is accounted less droplets produce a successful coales-
cence. Additionally, it is seen that the height of the consumed droplet
is significantly influenced by the binder mass percentage. For the
glass system and at low binder viscosity the droplet is able to
dissipate the collision energy only immediately after deposition (fresh
droplet) and solely when u. < 0.54 m/s (condition at which St.,q=
Steoar)- Recall the initially negative value of Weiass= — 0.55 for the glass
system at x,=4% and u.=0.675 m/s shown in Table 5. However, as
the collision velocity is a distributed quantity with ¢,.=0.1 m/s, there
is a probability of approximately 10% that the actual value lies under
the critical collision velocity. Hence, coalescence is still possible after a
wet collision. Such a small number of agglomeration events is
responsible for the size enlargement of the “porous” glass particles
at x,=4%. When intraparticle droplet penetration does not occur, the
droplet reduces in height, increases its viscosity and stays longer on
the particle surface. Therefore, a more distributed pattern of droplet
consumption is observed. As the initial binder viscosity increases,
more droplets can be used for agglomeration even after they already
have partially penetrated into the particle. Note that the droplet
consumption shows a step-wise pattern which is a consequence of
the event-driven nature of the method. In order to better explain this
situation, we take Fig. 9(a) as an example. There, five lines of
consumed droplets are seen. This is directly related to the maximum
number of collisions that a droplet stays on the particle as long as h/
h, > 1. These five lines represent the properties of the droplets at the
first, second, etc., until the fifth collision after their introduction to the
system. By the time at which a sixth collision occurs, the droplets
have already dried out and the wet zone has vanished. Hence, no
sixth line of consumed droplets is observed.

A further comparison of these limiting cases is depicted in
Fig. 11 as the relative diameter for real glass and fictitious non-
porous alumina given by

ooy gim = (dp/dp,0)atum.np
TSI (dp /dp,0)glassnp

The highest relative difference between the materials is clearly
seen for the lowest binder viscosity. Then, the agglomerate
diameter of non-porous alumina is considerably larger than the
agglomerate diameter of glass. When comparing with the experi-
mental results, Fig. 11 with Fig. 6, it can be easily recognized that

(34)
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Table 8

Characteristic drying time tq4,, and drying-imbibition time tgyy im» at h=h,, and number of collisions Ncoy during the time period with h > h, as functions of the binder mass
percentage.

Xp (%) Glass Alumina
tary (8) Neottdry Lary+imb (S) Neottdry +imb tary (S) Neolt.dry tary+imb (S) Neottdry +imb
(dimensionless) (dimensionless) (dimensionless) (dimensionless)
4 2.4 5 0.36 1 3.8 16 0.82 4
8 2.4 5 1.00 2 3.8 16 1.92 9
10 2.4 5 132 3 3.8 16 2.38 11
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Fig. 9. Effect of the imbibition mechanism on the relative height of the deposited droplet at the exact time of coalescence as function of the binder mass percentage for
glass particles.
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the general experimental tendencies are not conserved. This
result corroborates that, under the given conditions and without
accounting for the imbibition of droplets, the highest difference
between the two systems would be observed at x,=4%, as it was
explained before with the values of the initial agglomeration
window w given in Table 5.

The extent at which the simulation results are affected by
imbibition is further analyzed with the help of the real porous
alumina simulations presented in Fig. 12 as

(dp/dp,0)atum,po
dretsim = (G 7d 0)tasenp ’
el,sim (dp/dp,0)giass NP .
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Fig. 11. Diameter ratio of fictitious non-porous alumina (NP) and non-porous
glass (NP) particles, simulations.
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Fig. 12. Diameter ratio of real porous alumina (PO) and non-porous glass (NP)
particles, simulations.

In this plot, analogous to Fig. 6 where experimental values of
the same ratio are presented, it can be seen that by accounting the
imbibition phenomenon, the smallest difference between the two
systems occurs at the lowest binder concentration. This demon-
strates that even if the fictitious alumina particles tend to
agglomerate much faster than the glass beads, the consideration
of the droplet loss due to imbibition reduces the real alumina
agglomeration rate to an extent that both, glass and real alumina
rates are close to each other. This corresponds much better to the
experimentally observed tendencies presented in Fig. 6.

Fig. 13 gives a summary of the relationships between the
simulation results for the four investigated systems of particles,
real and fictitious, together with the experimentally obtained
values as a function of initial binder viscosity. The results are
presented as relative agglomeration rates R with respect to the
corresponding highest agglomeration rate Rygxexper Obtained by
the experiments (x,=10%). Then, for glass particles it is

R _ Rglassj
Rmax,exper ~0.0052 1‘1‘11‘1‘1/5'

(36)

where j denotes the experiment (Exp. Glass), simulated non-
porous glass (Sim. Glass NP) or simulated porous glass (Sim.
Glass PO).

An analogous relationship for the alumina particles is given by

R _ Ralumj
Rinaxexper  0.0060mmy/s

(37

where j corresponds to the experimental alumina agglomeration
rate (Exp. Alumina), simulated non-porous alumina (Sim. Alu-
mina NP) or simulated porous alumina (Sim. Alumina PO). As it
can be seen, the simulation of glass without imbibition and the
simulation of alumina with imbibition are close to the experi-
mental results. The artificial introduction of imbibition to glass
leads to much smaller than the experimental agglomeration rates.
On the contrary, much larger than the measured agglomeration
rates are obtained when imbibition into alumina is suppressed.
This indicates that the inclusion of the imbibition mechanism is
indispensable when simulating substrates with internal porosity.
The results also demonstrate that the effect of droplet penetration
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Fig. 13. Effect of imbibition at different binder mass percentages; comparison
between simulations and experimentally obtained agglomeration rates.
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is particularly important at low binder concentrations, due to the
higher droplet penetration rate.

5. Conclusions

The effect of intraparticle porosity on the behavior during
fluidized bed spray agglomeration has been analyzed in this
study. This micro-scale experimental investigation revealed that
the main parameter governing the penetration velocity is liquid
viscosity. As the viscosity of the binder increases so does the
penetration time and the influence of a second micro-mechanism,
namely deposited droplet drying, becomes much more significant.
A penetration model was developed with the help of the Wash-
burn equation and the results were compared with single droplet
penetration experiments in an attempt to validate the micro-
model. In this respect, areas of improvement are particularly seen
in the relaxation of some assumptions of the imbibition model
regarding the geometry of the proposed pore network or the
calculation of the internal contact angle within the capillaries.
However, even this relatively simple version of the model is
sufficient to follow the general tendencies and the order of
magnitude of the penetration velocities. Therefore, it was,
together with a previously developed and validated drying model,
implemented into a comprehensive stochastic model that allows
the simulation of the size enlargement process in a batch top-
spray fluidized bed agglomerator.

Two sets of simulations were carried out. The first set corre-
sponds to the “real system” of non-porous glass and porous
alumina and the second to the “fictitious system” of porous glass
and non-porous alumina. The simulation results show that when
the penetration mechanism is neglected, the largest difference
between the two non-porous systems is obtained at low binder
viscosities. The experiments, however, show the opposite trend,
which can only be obtained when the penetration mechanism is
implemented. This leads to the conclusion that the imbibition
phenomenon significantly reduces the agglomeration rate by the
loss of droplets into the substrate. For processes at low binder
concentrations this phenomenon cannot be neglected. The inclu-
sion of the penetration mechanism is, thus, necessary for a
reliable simulation of the agglomeration process of porous
materials.

The stochastic approach has shown once more that it is a
flexible and relatively easy method which can incorporate several
micro-mechanisms simultaneously. However, for its long term
development, a deeper study of fluidized bed flow dynamics,
particle collision frequency and relative collision velocities is
unavoidable.

6. Nomenclature

base radius of spherical cap (m)

area (m?)

diameter (m)

restitution coefficient (dimensionless)
collision frequency (1/s)

force (N)

Feon collision frequency pre-factor (1/m)
gravity (m?/s)

binder layer thickness (m)

height of particle surface asperities (m)
colliding pair (dimensionless)

event (dimensionless)

mass (kg)

mass flow rate (kg/s)

'ngﬁm [SWle NI S}

E.EK‘“"Q:‘ =09

M molecular weight (kg/kmol)

N number (dimensionless)

Ny droplet flow rate (1/s)

N, number of particles in simulation box (dimensionless)
N number of doublings (dimensionless)

P pressure (Pa)

P; saturation vapor pressure (Pa)

qo number density size distribution (1/m)

Qo number density cumulative particle size distribution (%)
r radius (m)

R Agglomeration rate (m/s)

Stcoal Stokes coalescence number (dimensionless)

Stroal Stokes coalescence critical number (dimensionless)
t time (s)

T temperature (°C)

Uc collision velocity (m/s)

U fluidization gas velocity (m/s)

ug fluidization number (ug/us) (dimensionless)

U minimum fluidization velocity (m/s)

1% volume (m?)

w agglomeration window (dimensionless)

Xp binder mass percentage (%)

Ve molar fraction in the gas phase (dimensionless)

Y moisture content (g/Kkg)

Greek letters

mass transfer coefficient (m/s)
droplet addition rate (1/s)
porosity (dimensionless)
contact angle (deg)
viscosity (Pa s)
relative aging velocity (dimensionless)
density (kg/m?)
| surface tension (N/m)
Ouc collision velocity standard deviation (m/s)

AV ST T DO

1) solid volume fraction (dimensionless)
V] particle sphericity (dimensionless)
Subscripts

agg agglomerate

ad addition

b solute

c capillary

cap spherical cap, deposited droplet
coal coalescence

coll collision

d droplet

dry drying

end end, final

exp expanded bed

exper experimental
fix fixed bed
g gas

gar gravity
imb imbibition
in inlet

max maximum
p particle
pore pores

rel relative
sim simulation
v viscous

w water
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0 initial

* saturation

Abbreviations

HPMC hydroxypropylmethylcellulose
dry drying mechanism

imb imbibition mechanism

MC Monte Carlo

NP non-porous

PO porous
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