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The present work develops a comprehensive one-dimensional pure agglomeration population balancemodel for
simulating spray fluidized bed agglomeration of porous particles. The effect of micro-processes on aggregation
kinetics is analyzed using a sophisticated constant number Monte-Carlo (CNMC) approach. The CNMC is used
as a virtual spray fluidized bed granulator and takes into account several micro-processes such as wetting, con-
vective drying, imbibition, agglomeration etc. so that it is a model for the real granulator. The main components
influencing the agglomeration kinetics, namely the total number of particles, the number of wet particles, the
collision frequency per particle and the average wet surface coverage fraction per wet particle are modeled
and incorporated in the conventional one-dimensional population balance model. Finally, the proposed popula-
tion balance model is validated against the results of CNMC.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Micro-interactions play a fundamental role in molding the macro-
scopic behavior of processes involving a dispersed system, such as
spray fluidized bed granulation (SFBG). In SFBG, particles get aggregat-
ed and dried simultaneously by passing through many complex micro-
processes which change the physical properties of the particles such as
flowability, density or porosity, shape etc. The present work addresses
the study of such micro-interactions through a micro-scale modeling
approach and translating their effects onto a macro-scale level by
modeling the influencing parameters.

On amacroscopic scale, particulate processes such as spray fluidized
bed granulation (SFBG) are modeled by means of population balance
equations (PBE), see e.g. [16]. However, a primary challenge for using
population balance equation is to model the kinetics of the process.
Over the years, many aggregation kinetic models have been proposed
in the literature, see e.g. [2,10,14,15,23]; however, a model correlating
the process conditions and material properties in rather general condi-
tions is not yet available. The research to date has tended to focus on
fitting the parameters rather than modeling.

An alternative and well suited approach for simulating particulate
process is the Monte-Carlo (MC) simulation. Recent developments in
the computational power have led to an increased interest in this ap-
proach. The main advantage of the MC approach lies in its generality
to include multiple micro-properties of the process. This approach

provides full understanding of the whole agglomeration process by
accessing variables and properties (e.g. wetted surface fraction) that
are even difficult to measure experimentally. However, the stochastic
nature and high computational cost restrict the application of MC on a
large scale.

The objective of this work is tomodel the aggregation kinetics of po-
rous particles by analyzing the process using MC simulations. In the re-
cent work of Hussain et al. [9], an effort has beenmade bymodeling the
significant process parameters in the form of an aggregation kernel by
observing theMC simulations. However, previouswork uses a very sim-
plified version of constant number Monte-Carlo (CNMC) and the devel-
oped population balance model relies either on taking hypothetical
values of several influencing parameters or fitting them to the MC sim-
ulations. The present work aims to develop an independent population
balance model to forecast the dynamics of spray fluidized bed agglom-
eration process in a more realistic window of operation.

To achieve the objective we have used a comprehensive constant
numberMonte-Carlo (CNMC) algorithm. Moreover, the population bal-
ance models for the total number of wet particles and the total number
of droplets have been revised to predict the results in general condi-
tions. Similarly, the models for predicting the average wet surface cov-
erage fraction and collision frequency per particle have also been
generalized. The only fitting parameter in the presented population bal-
ance model (PBM) is the success fraction concerning the dissipation of
kinetic energy ψ, which is taken as a constant. This work presents an in-
dependent population balance model for pure agglomeration of porous
particles which correlates the process conditions and material proper-
ties to the process. Finally, it is shown that the numerical results of the
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population balance model match very well with the results of MC
simulations.

It must be pointed out that over the years MC methods have been
used as a solver of PBE, see e.g. [12,13,18,19]. In the present work, the
MC is used as a scaled down virtual spray fluidized bed granulator rath-
er than as a solver of PBE. A similar approach has recently been present-
ed by Terrazas-Velarde et al. [20–22] and Dernedde et al. [4,5]. In the
present MC, the micro-processes such as collision of particles, deposi-
tion of droplets, drying of droplets, and Stokes criterion for the dissipa-
tion of kinetic energy have beenmodeled as in [22]. Although the CNMC
used takes into account all the necessarymicro-processes of SFBG, it has
been simplified by neglecting breakage or fragmentation of agglomer-
ates. Consequently, the modeling also corresponds to the pure agglom-
eration process.

2. Monte-Carlo algorithm

The process of spray fluidized bed agglomeration for porous parti-
cles is simulated with the help of a CNMC algorithm. Micro-processes
such as collision of particles, addition of binder droplets, convective dry-
ing of droplets, penetration of droplets into thepores (called imbibition)
etc. are incorporated in the algorithm. The structure of the algorithm is
based on thework of Dernedde et al. [4,5] and Hussain et al. [9] whereas
the models for micro-processes have been taken from [22]. The flow
chart of the CNMC approach is given in Fig. 1.

In order to simulate particle collisions we have discretized the sur-
face area of any primary particle into 6 sectors. The area of each sector
is approximately set equal to the area blocked by a single primary par-
ticle on a successful collision.Moreover, the area of each sector is further
subdivided into 5 small areas called positions. The area of each position
is approximately set equal to the surface footprint of a droplet. This
means, in a droplet deposition event one position is set as completely
‘occupied or wet’.

In each time step of the CNMC algorithm, either a binary collision be-
tween particles or a droplet deposition on a particle is selected accord-
ing to the probability of occurrence of these events. In order to compute
the time step, at first the total number of events (sumof total number of
collisions among particles and total droplet deposition) taking place in a
unit time is calculated. Then, the time required to complete one event is
computed by taking the reciprocal of the total number of events per unit
time,which serves as the time step, see [9]. During each time step ofMC,
we carry out the selected event and update the time. If a droplet

addition event takes place, then a droplet is added onto a particle and
the algorithm starts counting its deposition time. If a collision event
takes place, then a collision between a randomly chosen pair of particles
is simulated. If particles strike atwet position/s in awet collision and the
kinetic energy of the colliding particles is dissipated by the liquid layer,
then colliding particles form a new agglomerate. It is important for our
subsequent discussion tomention and to clarify that bywet collisionwe
mean a collision in which at least one wet particle (either partially or
completely wet) is involved. Hence, in the present definition of wet col-
lision, one or bothwet particles may collide at dry positions. For a better
understanding, we now briefly describe some important processes that
appear in the CNMC algorithm. For the detailed structure and working
of the algorithm see [9,22].

2.1. Collision frequency

The frequency of collision per particle fc, which is required to com-
pute the total collision rate of particles in each time step, is calculated
using the model presented by Buffière & Moletta [3],

f c ¼ Fc 1−
ϕexp

ϕfix

� �� � ϕexp

ϕfix

� �2

ug : ð1Þ

In Eq. (1), ug is the superficial fluidization velocity and ϕfix and ϕexp

are the solid volume fractions of the expanded and fixed beds, respec-
tively. The pre-factor Fc is taken to be 45, as given in [22].

2.2. Droplet deposition

Once a decision to deposit a droplet is made, we select a particle ac-
cording to its surface area from the distribution of particles. In a fluid-
ized bed, we expect that a particle with a larger surface area is more
probable to catch the droplet, which makes size dependent wetting
more logical. After selecting a particle, a dry position is randomly select-
ed from the unblocked positions of the particle and the particle is
marked as ‘wet’.

2.3. Binary collision

If a collision event is selected, then two particles are randomly cho-
sen from the distribution of particles and a collision between them is
made. For executing the collision, we randomly select a position on
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Fig. 1. CNMC flow chart.
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