
Population balancemodeling for the growth of agglomerates via primary
and secondary agglomeration in gas-fluidized beds

Lalit Kumar a,b,⁎, Konstantin Pougatch c, Martha Salcudean a, John Grace d, Dana Grecov a, Jennifer McMillan e

a Department of Mechanical Engineering, University of British Columbia, 6250 Applied Science Lane, Vancouver, BC V6T 1Z4, Canada
b Department of Energy Science and Engineering, Indian Institute of Technology Bombay, Powai, Mumbai 200 076, India
c Coanda Research and Development Corporation, 401-6741 Cariboo Rd, Burnaby, BC V3N 4A3, Canada
d Department of Chemical and Biological Engineering, University of British Columbia, Vancouver, BC V6T 1Z3, Canada
e Edmonton Research Centre, Syncrude Canada Ltd, 9421 17th Ave., Edmonton, AB T6N 1H4, Canada

a b s t r a c ta r t i c l e i n f o

Article history:
Received 22 March 2017
Received in revised form 7 July 2017
Accepted 6 August 2017
Available online 8 August 2017

A population balancemodel is developed for the growth of pre-formed agglomerates in a fluidized bedwith sev-
eral agglomeration mechanisms considered. Primary agglomeration takes place when dry particles collide with
the wet surface of the original agglomerate. Secondary agglomeration occurs either by wet particles colliding
with the dry surface of agglomerates, or by liquid migration to the top layer of an agglomerate and subsequent
collisions with dry particles. The properties of the liquid binder determine the dominant mechanism. The new
agglomeration model for high- and low-viscosity liquid binders is implemented in ANSYS FLUENT commercial
software. Model predictions agree reasonably well with available experimental results without altering the pre-
viously published parameters of the sub-models employed. It is found that the viscosity of the liquid binder and
surface asperities play notable roles in the agglomeration. Surface asperities are especially importantwhen asper-
ity heights are of the same order as the thickness of the liquid film.
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1. Introduction

Wet granulation in a fluidized bed is generally used as a size enlarge-
ment process that occurs due to the successful coalescence of colliding
particles. Granulation consists of three phenomena: (a) nucleation,
(b) growth and (c) breakage [1]. Although these three phenomena
occur simultaneously, there can be circumstanceswhere one dominates
over the others. Wet granulation is important in many industrial pro-
cess, e.g., oil and gas, food, detergents, pharmaceuticals, ceramics and
fertilizers. Recently, significant research has been performed addressing
both the fundamental, as well as applied, aspects of wet granulation.
Several general reviews have been published demonstrating substantial
interest inwet granulation [1–5]. In spite of thewealth of such studies at
both the fundamental and applied levels, there is still no unique way to
test each phenomenon separately, e.g. to test aggregation without
consolidation and breakage.

While research on fluidized bed granulation dates back to the 1960s
[6,7], active use of population balance modeling (PBM) for fluidized
beds is relatively new. PBM is a method to describe the distribution of
particle sizes through differential equations. PBM makes it possible to

predict observable properties of the product, such as the agglomerate
size distribution and the rate of aggregation. Many attempts have
beenmade to model fluidized bed agglomeration in terms of PBM. Pop-
ulation balance (PB) equations can be solved by Monte Carlo (MC)
methods, methods of moments (MOM) and discrete methods (DM).
The MCmethod usually does not interface easily with standard process
simulators, which generally implements a deterministic integration
routine. A recent review of different MC methods was provided by
Zhao et al. [8]. In the MOM method [9], the PB equation is transferred
into a set of equations formoments to track the particle size distribution
(PSD). However, interpretation of PSD fromMOM is a challenging task.
MOM approaches are particularly useful in cases where the PSD is not
required directly. In the DM, a finite number of size intervals is consid-
ered as a discretization scheme [10–13]. These approaches have a dis-
tinctive advantage over other methods as the PSD is computed
directly. The main disadvantage of the DM approach is that one needs
to pre-define a number of bins, which may be very large. By using the
weighted residual methods it is possible to resolve the whole PSD
with a smaller number of discretization points, as shown using both
the spectral and spectral element versions of these methods [12].
Recently a number of similar methods have been developed for PBM
[14–17] for different applications.

Quite often in PBM, a homogeneous mixture of solid particles is
considered as a secondary phase. However, depending on the stage of
the agglomeration, the size of the particles and agglomerates may
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vary locally and spatially. This can be due to the localized variations in
kinetic rate, segregation of the particles, etc. [18]. In 2009, Rajniak
et al. [19] solved the PB equations using MOM for the inhomogeneous
particle size distribution with spray agglomeration in a Würster
coater. They combined computational fluid dynamics (CFD) and the
kinetic theory of granular flow (KTGF) [18,20] for gas-solid flow with
MOM. Hounslow [13] used the concept of equi-partition of kinetic
energy (EKE model) to find an aggregation kernel, which was later
used by Goldschmidt [18] and Tan et al. [7] to derive the agglomeration
kernel fromKTGF. Note that for large variation in the size of the particle,
the expression derived from KTGF using EKE may not be appropriate.
Larger particles may start to settle in the fluidized bed, possibly
resulting in direct collisions (due to differences in mean velocity
between smaller and larger particles.) Furthermore, larger particles
may undergo a significantly larger number of collisions with smaller
particles, resulting in the larger particles remaining suspended in the
bed. Hence, the assumption of equi-partition of kinetic energy might
not be appropriate.

Earlier researchers have reported simultaneous consolidation and
breakage, togetherwith agglomeration, influidized beds [1]. In industri-
al equipment, aswell as inmodel experiments, it is challenging to find a
regime where agglomeration is the dominant mechanism of particle
size changes. Furthermore, it is impractical to find an operating condi-
tion where only agglomeration takes place in the fluidized bed without
consolidation and breakage. Nevertheless, some researchers [19,21]
have tried to explain experimental findings of granulation in fluidized
beds bymodeling agglomeration alone.Weber et al. [22–24] performed
a number of experiments based on pre-formed cylindrical agglomerates
of sand and water, glass beads and water, and coke and motor oil. They
analyzed the effect of liquid properties, together with the influence of
the amount of liquid, the size of the primary particles and the size of
the agglomerates, as well as the fluidized bed process variables. Their
use of pre-formed agglomerates has the potential to control consolida-
tion and breakage robustly, providing unique data to assist in the devel-
opment of a successful agglomeration model. Furthermore, their data
enable evaluation of the limiting mechanisms such as viscous- or
capillary-dominated agglomeration. However, in the absence of any
theoretical modeling, authors have been unable to completely explain
their findings. For example, a single layer on the aggregate would
cause only 5 to 9% weight gain compared to their finding of 20 to 50%
weight gain. Furthermore, they were unable to explain the differences
between 20% weight gain in one case and ~50% weight gain in another
case. In this study, we investigate bymodeling the growth of preformed
aggregates in order to explain the experimental findings and their lim-
itations. Thiswork could also help delineate additional experiments that
would allowmore accurate determination of agglomeration and break-
age phenomena.

In this paper, wemodel awetting liquid-solid system. In a complete-
ly wetting system the de-wetting of the particle is energetically
unfavourable. Hence, de-wetting can happen only under an external
force. For this type of liquid-solid system, if two wet particles collide,
they separate without significantly disturbing their film thicknesses.
(The collision time is in the order of milliseconds, whereas the liquid
film spreading time is of the order of seconds [25]). Moreover, in the
case of very high viscosity with sufficiently large liquid bridge volume,
viscous dissipation dominates over the capillary energy requirement.
For example, in the case of liquid Mobil 15w30, which has a viscosity
of μ = 84.75 mPa·s, surface tension, σ = 27 mN/m [23] and density
855 kg/m3, the capillary number (Ca= μu0/σ, where u0 is the approach
velocity that can be assumed to be of order 1 m/s) is about 3, compared
to Ca forwater as a binder liquid of about 10−2. It appears that for highly
viscous liquids, viscous dissipation is important, whereas for low-
viscosity binders the capillary force is dominant. Hence, the viscous co-
alescence criteria derived by Ennis et al. [26] and modified by Darabi
et al. [27,28] can be used for primary agglomeration, together with in-
elastic losses during collision when a high-viscosity binder liquid is

present. Once these wet primary particles collide with the dry sur-
face of the agglomerate, they may make a liquid bridge as liquid
adheres to the agglomerate dry surface. Even in the case of high
liquid viscosity, if the amount of liquid transferred to the primary
particle is very small, the contributions from both viscous and cap-
illary effects become important. Hence, in this work for secondary
agglomeration, we account for both viscous dissipation and capil-
lary energy, in addition to energy losses due to inelastic collisions,
as discussed by Darabi et al. [27,28]. However, for water as the
binder liquid, viscous dissipation remains low, irrespective of the
amount of liquid. Hence, both viscous dissipation and capillary en-
ergy are important in determining coalescence for low-viscosity
liquids.

Primary agglomeration is defined as a successful (i.e. coalescence-
inducing) collision between a dry primary particle and the wet surface
of the agglomerate for both high and low viscosities. Primary agglomer-
ation can form a single layer on top of an agglomerate.We refer to addi-
tional deposition or agglomeration as secondary agglomeration. In the
case of a low volume content of a highly viscous liquid in the agglomer-
ate, secondary agglomeration may take place between the wet primary
particle and a dry surface. The primary particle becomes wet only after
an unsuccessful collision (when the primary particle rebounds after col-
lidingwith an agglomerate)with awet surface of the agglomerate, as no
additional liquid is available in the fluidized bed. In the case of high
volume content of low-viscosity liquid, secondary agglomeration may
take place when the new dry surface created by primary agglomeration
becomeswet due to capillarymigration of liquid from the interior to the
new dry surface.

In the present work, our objectives are to develop a population bal-
ance model for the growth of pre-defined agglomerates in a fluidized
bed that would consider different agglomerationmechanisms and com-
paremodel predictionswith available experimental data [22,23] to gain
further insights into experimental findings. The resulting model is also
used to examine the effects of various process parameters and physical
properties of materials on the agglomerate growth and to study differ-
ent mechanisms of secondary agglomeration.

2. Model description

For the simulations performed in this work, ANSYS FLUENT com-
mercial software [29] is used. Mass and momentum balance equations
are solved for the gas and solid phases within the Eulerian framework.
In addition, for the solid phase a population balance model for aggrega-
tion and a transport equation for wet primary particles are solved. For
primary agglomeration, we implement the model of Ennis et al. [26]
and Darabi et al. [27,28], whereas for secondary aggregation, we pro-
pose two different mechanisms depending on the rheology and quanti-
ty of binder liquid.

We consider two different approaches for modeling the growth
of agglomerates in fluidized beds: (a) homogeneous population
balance modeling using an aggregation kernel derived using KTGF,
and (b) inhomogeneous population balance modeling considering
collision due to relative velocity. Agglomerates are assumed to be
significantly larger than a single particle so that they can be as-
sumed to be spherical and their detailed morphology can be simpli-
fied. In the model where an aggregation kernel is derived using
KTGF, both the agglomerates and primary particles are considered
as a single solid phase. In the inhomogeneous modeling, on the
other hand, the primary particles and agglomerates are considered
as separate phases. In the KTGF model, collisions between the pri-
mary particles and agglomerates take place due to fluctuating veloc-
ity, modeled based on the kinetic theory of granular flow. In the
inhomogeneous model, collisions between the primary particles
and agglomerates take place due to the combined effect of the
mean and the fluctuating velocities.
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