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The present work attempts to consider the microscopic mechanisms of spray fluidized bed agglomeration while modeling
the macroscopic kinetics of the process. A microscale approach, constant volume Monte-Carlo simulation, is used to
analyze the effects of micro-processes on the aggregation behavior and identify the influencing parameters. The identi-
fied variables, namely the number of wet particles, the total number of particles, and the number of droplets are mod-
eled and combined in the form of an aggregation kernel. The proposed kernel is then used in a one-dimensional
population balance equation for predicting the particle number density distribution. The only fitting parameters remain-
ing in the population balance system are the collision frequency per particle and a success fraction accounting for the
dissipation of kinetic energy. Predictions of the population balance model are compared with the results of Monte-Carlo
simulations for a variation of significant operating parameters and found to be in good agreement. © 2014 American
Institute of Chemical Engineers AIChE J, 60: 855-868, 2014

Keywords: computer simulations (MC and MD), mathematical modeling, population balances, aggregation kernel, multi-

scale modeling

Introduction

Micro-interactions play a fundamental role in molding the
macroscopic behavior of processes involving a dispersed sys-
tem, such as spray fluidized bed granulation (SFBG). In
SFBG, particles get aggregated and dried simultaneously by
passing through many complex micro-processes which
change the physical properties of the particles such as flow-
ability, density or porosity, shape, and so forth. The present
work addresses the study of such micro-interactions through
a microscale modeling approach and translating their effects
onto a macroscale level by modeling the parameters that
influence the process.

Many mechanisms such as aggregation, breakage, growth,
nucleation, and so forth, might take place during granulation
in spray fluidized bed. However, the focus of this work is to
correlate the effect of process parameters with the aggrega-
tion kinetics and, therefore, all mechanisms except agglomer-
ation have been neglected. Pure agglomeration is not only
considered for simplicity but also justified for spray fluidized
bed because when aiming at agglomeration, materials, and
operating conditions are, in practice, chosen as to avoid all
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other mechanisms. Besides its extensive application to fluid-
ized bed granulation,'™ pure agglomeration has also been
assumed, for example, in modeling of drum granulation,*’
aerosol dynamics,® and crystallization.’

The one-dimensional (1-D) population balance equation
(PBE) for pure agglomeration in a batch system (also called
Smoluchowski equation) using volume of the particle as an
internal coordinate is given by, for example, Hulburt and
Katz® as

On(v,1) _ lr Blt,v=v' V)n(t,v—=n(t,v)adv'
ot 2 )o )
=] Bt nte )
0

where v and V' are representations for the volume and f§ is
the aggregation kernel. The PBE is used on a macroscale to
predict the particle size distribution (PSD), but this requires
prior knowledge of the aggregation kernel f(¢,v,V).

The aggregation kernel fS(z,v,V') is usually written as a
product of two factors: size-independent term (aggregation
efficiency) f,(¢) and size-dependent term f*(v,v')"*~!"!

ﬁ(t’vvvl):ﬁ()(l)ﬁ*(vv V,) (2)

The aggregation efficiency depends on the operating con-
ditions, moisture distribution, dissipation of kinetic energy,
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binder properties, collision orientations, and so forth, can be
interpreted as the probability of two colliding particles to
form a new agglomerate. The size-independent term f(7)
may further be partitioned to model the fraction of success-
ful collisions.'? The size-dependent part of the aggregation
kernel f*(v,1'), on the other hand, reflects the influence of
the flow field on the probability of collision between par-
ticles of different sizes. Many structures for the aggregation
kernel have been presented in literature based on empiri-
cal,""? semiempirical,m’14 and physical3’15’l° approaches, but
a comprehensive model capable of reflecting the effect of
process conditions on aggregation behavior under rather gen-
eral conditions is not yet available. Furthermore, the aggre-
gation efficiency f(¢) is often found to be strongly time
dependent when extracted from experimental data. This
makes it difficult to correlate f,(#) with the process
parameters.

The present work extends the recent work of Hussain
et al.'” to model the aggregation efficiency ff,(¢) and conse-
quently the parameters affecting f3,(¢) by mimicking the con-
sideration of micro-processes in Monte-Carlo (MC)
simulations. The present work differs in many ways from the
previous work of Hussain et al.'” In this work, we have uti-
lized a comprehensive constant volume MC (CVMC) model
of Terrazas-Velarde et al.'®2° to analyze the effect of
micro-processes on the aggregation behavior, whereas in the
previous work, a very simplified version of constant number
MC (CNMC) was used. Furthermore, the submodel for pre-
diction of the total number of wet particles (Npﬂm) has been
rewritten to predict the results under rather general condi-
tions. In addition, a new submodel for predicting the total
number of droplets in the system has been introduced. The
prediction of total number of droplets is utilized to compute
the average wet surface coverage fraction per wet particle
during the simulation. A detailed study on the prediction of
particle fractional coverage with liquid has recently been
presented by Kariuki et al.?' However, their work refers to a
single particle which remains static during the coating pro-
cess. Whereas, in this study, the effect of several mecha-
nisms, such as agglomeration of particles, drying of droplets,
consumption of droplets in aggregation, and so forth, is con-
sidered in predicting average wet surface coverage fraction
per wet particle. It should be noted that the liquid binder
content shows a significant distribution in the course of the
aggregation process. However, the effect of distribution of
binder or any other variable can only be modeled in 1-D
PBE by means of an average value. The incorporation of
distribution of any variable in the macromodel would require
the use of multidimensional PBE, which is beyond the scope
of this work. The value of the drying time 7 of a droplet
(needed during modeling) is calculated from the model given
in Terrazas-Velarde et al.'® The only fitting parameters
remaining in our work are f, and iy which are taken to be
constants and extracted from the MC simulation. The meth-
odology followed to achieve the goal is to, first, develop
models for predicting the behavior of critical parameters and
then incorporate all these models in the form of a compre-
hensive macromodel to forecast the dynamics of SFBG. This
idea is summarized in Figure 1.

It is important to mention here that MC methods have
been used conventionally for finding the solution of a PBE,
which requires prior knowledge of f,(r) and f*(v,v/).** %
However, our idea is to use the MC method to approximate
the real experimental scenario, as a scaled-down virtual
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Figure 1. Work flow chart.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

spray fluidized bed granulator, comparable to the work of
Terrazas-Velarde et al.'"®?° and Dernedde et al.>®*’ The
CVMC used in the present work is based on the approach of
Terrazas-Velarde et al.'” The MC method is very useful for
identifying the influencing parameters as it gives real micro-
scale insight. Furthermore, many properties that are difficult
to measure, such as moisture and structure of a particle, can
easily be tracked down. Major drawbacks of MC methods
include their stochastic nature and computational cost, which
restricts their direct use in engineering applications.

Microscale Modeling

The MC method is a probabilistic approach to investigate a
problem and by using the statistical properties of a finite sam-
ple of entities.”®>" It can be thought of as a scaled-down vir-
tual process. Once the simulation is complete, the results can
be mapped to real findings by multiplying with a scale-up fac-
tor. The micromodel used in the present work is event driven
CVMC and based on the work of Terrazas-Velarde et al.'® to
simulate the pure agglomeration process. Micro-processes
such as collision of particles, deposition of droplets, drying of
binder droplets, sticking, or rebound according to the Stokes
criterion for the dissipation of kinetic energy, and so forth,
are incorporated in the algorithm. A flow chart of the CVMC
approach is given in Figure 2. The algorithm is briefly
described in the following. For the detailed structure and
operation of CVMC see Terrazas-Velarde et al.”

Brief description of the CVMC algorithm

The applied MC model is based on the collision events
that take place between particles during SFBG and on the
“concept of positions” on particle surface. The “concept of
positions” used in the present study is taken from the work
of Terrazas-Velarde et al.,'® where it has been validated
against experimental data. In this approach, the surface area
of every particle is divided into sectors. The area of each
sector is approximately set equal to the area blocked by a
single primary particle on successful collision, that is, the
number of sectors per primary particle determines the maxi-
mal coordination number of the primary particle. After a
successful aggregation event, one sector from each involved
particle is set as “blocked” and does not contribute further to
the aggregation process. The other sectors of the particles
are still accounted as available area that can be utilized for

March 2014 Vol. 60, No. 3 AIChE Journal


http://wileyonlinelibrary.com

UN, SN

pp,0
double the particles

/ 2 then

Random deposition of
droplets on particles

Initialize the process
variables and material

Y

Determine fc , time

update the time

Y

s ™\
Compute height of the
droplets
& W

1

1

1

1

1

1

1

1

1

. . '
properties at time ¢ = 0 -
1

1

1

1

1

1

1

1

step Af = 1/ fn and i

End the simulation Yes
and predict the results

Check if desired number of
time steps has taken place

Collide every particle once
and form agglomerate if
Stoke criterion is fulfilled

Figure 2. Schematic diagram of the CVMC algorithm used in the present work.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

droplet deposition and, hence, in agglomeration. This means
that the shape of the particles is not necessarily taken as
spherical in the microscale approach. Moreover, the area of
each sector is further subdivided into smaller 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 the current CVMC model, we have taken the same pro-
cess conditions and material properties as in Terrazas-
Velarde et al.,19 which means that the number of sectors per
primary particle and the number of positions per primary
particle have been calculated by using the sizes of droplets
and primary particles of their experimental work (also given
in Table 4). Under the conditions of Terrazas-Velarde
et al.' and also in our work, a droplet’s footprint area is cal-
culated to be approximately 1/24th of the surface area of a
primary particle. Moreover, during agglomeration of two pri-
mary particles, 8/24th of the total surface area (4/24th of the
surface area of each primary particle involved) is considered
to get blocked. This blockage of areas in an agglomeration
event is called steric hindrance and assumed to be constant
in the present study.

Wet collisions

A

wet-dry collisions wet-wet collisions

Figure 3. Wet collision scenarios.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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During each time step of MC, collisions between ran-
domly chosen pairs of particles take place and a decision
about successful or unsuccessful aggregation is made for
each collision based on the following conditions:

1. check if the collision is a wet collision

2. check if particles strike at wet position/s

3. if particles strike at wet position/s, then check for coa-

lescence/rebound condition by using the Stokes crite-
rion developed by Ennis et al.*?

If aforementioned conditions are satisfied then colliding
particles form a new agglomerate. It is important to mention
here that by wet collision we mean a collision in which a
wet particle (either completely or partially wet) is involved.
This implies that collision of wet particles at dry spot/s is
also taken as a wet collision. Possible scenarios of wet colli-
sions are shown in Figure 3.

Macroscale Modeling

The aim is to, first, identify the important influencing vari-
ables. This is achieved by observing the CVMC algorithm
described in the previous section. Once such variables/
parameters are identified, then they need to be incorporated
in the kernel of the PBE and should be predicted independ-
ently. Furthermore, parameters with significant distribution at
the microlevel, such as moisture distribution, need to be
averaged for usage in the macro model. We start here by for-
mulating an expression for the aggregation kernel, followed
by modeling of variables/parameters involved.

Modeling the aggregation kernel

Equation 2 is the conventional form of an aggregation ker-
nel, in which f, is usually fitted to data and some structure
of f*(v,') from literature is used based on flow patterns/
motion. To correlate the process parameters with the kernel,
we would first like to derive a mathematical expression for it
by following Hussain et al.'” It can be noticed that in the
CVMC algorithm particles are selected randomly for binary
collisions, that is, the process of selecting particles for colli-
sion does not take into account the sizes of the particles.
Such a scenario is regarded in the population balance model
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(PBM) as a size-independent aggregation process and f*(v,
V') is taken to be unity, that is

ﬁ(t7v7vl):ﬁ0(t)ﬁ*(va V,):ﬁo(f) (3)

This means that aggregation kernel and aggregation effi-
ciency are the same for our PBM, and we may use both
terms interchangeably in the further discussion. The aggrega-
tion efficiency is commonly extracted from experimental
results by the differential technique which uses the rate of
change of the zeroth moment of the PSD.'?*** The rate of
change of the total number of particles, in case of size-
independent kernel, is found to be

2
__ ﬁ()(t)l\;p,tot (t) (4)

dNp o1 (1)
dt

PBE

Moreover, the rate at which the particle number would
change in MC depends on the total number of successful
collisions. Thus in MC

dNp o1 (1)
dt

__ sz,tot (t) (5)

MC 2

where f; is the frequency of successful collisions per particle.
Comparing Egs. 4 and 5 yields

Bolt)= L

Np ot (1)

Thus, the behavior of aggregation efficiency is merely
dependent on the frequency of successful collisions per parti-
cle. The model for f; can be formulated by observing the
causes which make a collision successful in the MC. As
mentioned earlier, a collision will be successful when the
following three possibilities are fulfilled simultaneously.

1. Either Wet-Dry or Wet-Wet Collision Takes Place: The
probability of selecting exactly one wet and one dry particle
when two particles are randomly drawn from the total num-
ber of particles is

(©)

Mowa Oy XMy 2N, wet Np ary
Npa Cy Np,tot (Np,tot - 1)

@)

Pc,wd =

Here, P wq is the probability of wet-dry collision; C is the
symbol for combination and N gy =Np 1ot —Npwet represents
the total number of dry particles. Similarly, the probability
of selecting both particles wet when drawn randomly from
the total number of particles is

_ NP«We‘Cz _ Np_ywet (Np,Wel B 1)

P =
C,WW Np ot C2 prtot (Np,tOt - l)

®)

Here, P is the probability of wet-wet collision.

2. Particles Strike at Wet Position/s: This possibility is
also divided into two parts, based on the occurrence of wet-
dry or wet-wet collision. In the case of wet-dry collision, the
chance that particles strike at wet surface 7,4 is simply
equal to the wet surface coverage fraction of the wet parti-
cle. In MC every wet particle may have a different wet sur-
face coverage fraction which affects the collision at the
microlevel. However, to introduce this effect at the macrole-
vel, we take an average value of wet surface coverage frac-
tion per wet particle at time ¢, denoted by 5. It follows that
at different times, we have different average wet surface
coverage fractions per wet particle. In the case of wet-wet
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collision, we neglect the possibility that wet positions of
both wet particles hit each other, because of very low 7.
Then, the average probability that particles will strike at wet
position in wet-wet collision can be computed by

Naw =1+ 1= 211 =2(n—n°) )

Here, 7, represents the probability of having collision at
wet position in a wet-wet collision case. The above expres-
sion for 7, is computed by assigning an average size to all
colliding particles at time ¢.

3. Kinetic Energy of the Colliding Particles is Dissipated
by the Liquid Layer: In the MC, the Stokes criterion is used
to compute whether the liquid layer will be able to dissipate
the kinetic energy of the colliding particles or not. To
include this effect in our model, we have used an average
value of success fraction concerning the dissipation of
kinetic energy, denoted by . This average value is com-
puted using the information extracted from the MC.

The possibilities 2 and 3 collectively can be regarded as the
adhesion probability (P,gnes ) of the colliding particles

Padhes,wd “Nwd l// = ’7[//’ Padhes,ww = Nww lp = 2‘// (’7_’72) (10)

Here, Paghes.wd and Pyghes.ww are adhesion probabilities for
wet-dry and wet-wet collisions, respectively. A collision
event turns into an aggregation event when all three possibil-
ities (1, 2, and 3) take place simultaneously. If f, is the colli-
sion frequency, that is, the number of collisions per second
per particle, then the frequency of successful collisions f;
can be modeled by multiplying the wet collision probability
P wet With the adhesion probability Pagnes as

fS:fc (Padhesjwd XP(LWd +Padhes,ww XPC,WW) (1 1)
Hence, using Eqgs. 7, 8, and 10 in 11 we obtain

Npﬁwet (2 (Np,lot _Np,wet ) Npﬁwet -1

fs _fCl// Np,tol Np,tot -1 Np,tol -1

Nwd + Nww ) (12)

Substituting Eq. 12 in Eq. 6 gives the expression for the
aggregation kernel (efficiency) that should be used in PBE to
compare its results (e.g., PSD) with the MC

B= o=ty et (2(N""°‘ o) Mo )
sz).,tot Np,lot -1 " Np‘tot -1

Modeling the variables affecting f,

Equation 13 can not be used in Eq. 1 unless we have the
information about f, Np (ot ; Np wet » #, and ¥ prior to the simu-
lation or during the simulation. It should be noted that the
value 1 is taken to be constant and extracted from the MC
for its usage in the model. The modeling of ¥ will be
addressed in a separate article, because we are continuing
our efforts in that direction. The focus here is to predict
Np ot , Npwer» and #, the time-dependent factors of f,(¢). The
average wet surface coverage fraction per wet particle 7 is
directly correlated to the number of droplets (Ngrwp ) in the
system. Thus, Ny, needs to be modeled to predict 7.

Equation for Np ¢

The total number of particles can easily be modeled using
Eq. 13 in Eq. 4
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de,tot _ _f;:l//Np,wet 2(Np,t0t _Np,wet) + Np,wet -1
dr 2 Npor —1 Y Ny —1 ™Y

(14
Equation for Np et

The total number of wet particles (particles with accessi-
ble wet surface) in the system at any time ¢ can be modeled
by observing the factors responsible for their births and
deaths in the MC. From the MC, it can easily be found that
the birth of wet particles is directly influenced by the rate at
which binder liquid droplets enter the granulator. Moreover,
the death rate of wet particles is dependent on two main fac-
tors: (1) death of wet particles due to aggregation and (2)
deposited droplets on the particles get dry convectively due
to the hot air passing through the granulator. As we consider
only nonporous particles at this stage, we neglect the effect
that simultaneous penetration of liquid in a porous primary
particle (“imbibition”) may have on sessile droplet drying.
The rate at which wet particles get dry due to aggregation
can further be subdivided into two parts, based on the wet-
dry and wet-wet collision cases. Thus, a generalized equation
for the total number of wet particles in the SFBG at any
time ¢ can be written as

dN,

p,WCl _ d

dr _BP-WEl _ngwet wd _Dgg\%et ww _Dpr\};/[é% (15)
Here, B,we 1is the birth rate of wet particles,

D55, wadenotes the rate at which wet particles will get dry
due to the aggregation of wet-dry particles, Dp wet,ww 1S the
rate of death of wet particles due to aggregation of wet-wet
particles, and Dp wer Tepresents the rate of convective drying
of wet particles. The birth rate of wet particles is directly
connected to the rate at which droplets are deposited on the
partlcles that is, N ;. drop > wherein the superscript “in” denotes
“influx of droplets.” However, all droplets entering in the
system do not play role in the birth of wet particles. There
can be many droplets which may get deposited on already
wet particles. Therefore, the birth rate of wet particles is
computed by subtracting the number of wet particles chosen
for droplet deposition from the droplet addition rate

__ayin - in Np,wet prel

Ndrop Ndmp <Np,t0t ) Ndrop (1 Npﬁol > (16)

The death rate of wet particles due to aggregation can be
modeled by considering the death rates due to wet-dry and
wet-wet aggregation separately. We consider loss of one
droplet in every successful collision, except when wet posi-
tions of both wet particles hit each other and form an
agglomerate. The later case results in loss of two droplets. It
is important to mention here that a new agglomerate is con-
sidered as completely dry only when formed by consuming
all moisture during a wet collision. This means that when a
wet particle has only one droplet deposited on it, then one
wet particle is taken to be lost in aggregation due to wet-dry
collision. Similarly, two wet particles should be considered
as dead when an agglomerate is formed by contact of a wet
surface with another wet surface in a wet-wet collision;
(This case is neglected as it will be discussed later in this
section). Such possibilities are available at the initial stage
of the agglomeration process, when the concentration of wet
particles is not high. However, with the passage of time
more particles become wet, and the probability of a droplet
deposition on a wet particle increases. Under these circum-

Bp,wet
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stances, a successful aggregation event may not contribute to
the loss of a wet particle. For instance, when a dry particle
collides with a wet particle having more than one droplet,
then successful collision would still result in a wet granule.
The possible results of wet collision at wet spots are sum-
marized in Figure 4.

The death rate of wet particles due to the aggregation of
wet-dry particles can be computed by finding the total num-
ber of wet-dry collisions and multiplying the result with the
adhesion probability. The total number of collisions denoted
by N at time  is given by

N, p,tolfc
2

Nc,tot = a7

Multiplication of Eq. 17 and Eq. 7 yields the total number
of wet-dry collisions in unit time

. _chp,tot (ZNp.wet (Np,tot _Np,wet ))
Nc,wd -
(18)

2 Np,lot (Np,tot - 1)

:f;:Np,wet (Np,lot _Npﬁwet )
(Npﬁtot - 1)

where N wd denotes the rate of wet-dry collisions. Finally,
Eq. 18 should be multiplied by the ratio of wet particles to
droplet number and with the adhesion probability for wet-
dry collision (Eq. 10) to model the death rate of wet par-
ticles due to wet-dry aggregation. The ratio of N,y to
Ngrop is used as a multiplier to compute the fraction of wet
particles lost in every successful wet-dry collision. The death
term due to aggregation of wet-dry particles then takes the

form
Ny wet — 1
p,wet ) (19)
Np,lot -1

agg p wet _
DP.We( wd fCrde lp Ndrop (1

The death rate of wet particles due to aggregation of wet-
wet particles, as discussed earlier, can further be subdivided
into two parts, depending on the contact point of the par-
ticles. The collision of a wet position of one particle with
the wet position of the other particle consumes two droplets
and is expected to be very less probable, especially when
droplet size is taken to be very small with respect to the
size of the primary particles, which is usually the case in
SFBG. Thus, we simplify our model by ignoring such colli-
sions. This simplification results in the death of one wet par-
ticle in a successful wet-wet collision, same as in the case
of wet-dry collision. Then, the rate at which wet particles
get dry due to the aggregation of wet-wet particles is com-
puted by calculating the number of wet particles involved in
the wet-wet collision and multiplying it by the adhesion
probability. The total number of wet-wet collisions in unit
time (N¢w ) can be found by taking the product of Egs. 17
and 8 as

_ fCNp,wet (Np,wet - 1)
2(Npsor —1)

Nc,ww

fc p;tot ( p,wet (Np,wet_1)>

2 Np,tot (Np,tol - 1)
(20)

Note that, we did not multiply Eq. 20 by 2 because each
successful wet-wet collision consumes only one wet particle
due to the simplification taken into account. The death of
wet particles due to aggregation of wet-wet particles is then
modeled by multiplying Eq. 20 with the adhesion probability
for wet-wet collision, resulting in
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Npwet —1
D;g\%e[ ww fcylww lp[vp,wet (%) (21 )
N, p.tot 1

The final step in modeling the death rate term of wet par-
ticles is modeling the death rate of wet particles due to dry-
ing of the droplets, which may be written as

Dgrzzvré% — Np,wel pret (22)
’ T Ndrop

where 1 is the convective drying time of a droplet. N pwet is
the reduced number of wet particles that should be consid-
ered for drying. It is further multiplied by Npwe /Ndrop to
dry the correct number of wet particles if wet particles con-
tain more than one droplet. The reduced number of wet par-
ticles is required to approximate the effect of aggregation on
drying of accessible droplets. This can be explained by an
example. Assume that a droplet is deposited on a particle at
time 7, which means that this droplet could “stay alive” until
the time #,=f,+t has been reached. However, during the
time period 7, the droplet may still get consumed in aggrega-
tion and become inaccessible. Hence, the concentration of
accessible droplets and, consequently, the concentration of
wet particles decreases due to aggregation. To compute the
reduced number of wet particles, we consider the death rate
of wet particles due to aggregation (Eqgs. 19 and 21) and
write an ordinary differential equation for N pwet @S

dNP=Wet (E7 t> - l//fC "dep,wet
dt 2
Np wet (Np wet Nww ) Np.wet — l) -
7 B ‘ N ’ ;NW Oat :Nw ).
(Ndmp Ndrop 2]7Wd Np,tol —1 et ( ) et ( )

(23)

Here, 7 is the time over which Eq. 23 is to be integrated
in the interval [0, 7] at process time 7. The wet particles con-
sumed due to aggregation during the time period T may get
wet again due to droplet deposition. This effect of simultane-
ous wetting and drying has been approximated by using a
factor of 1/2 on the right-hand side of Eq. 23. We have
assumed in modeling of Eq. 23 that 7 is less than the process
time. The aforementioned approach has been extensively
checked for several combinations of f. and 7 and found to be
accurate.

Figure 5 provides a comparison of the number of wet par-
ticles predicted with and without the effect of aggregation on
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drying. Results shown in Figure 5 are generated with the pro-
cess conditions of Set-A simulations (see Tables 2 and 3). All
other necessary parameters have been extracted from the MC.
It can be seen that by incorporating the effect of aggregation
on convective drying results in a slightly better match with the
number of wet particles from the MC.

The model for prediction of wet particles can then be
finally formulated by using Eqgs. 16, 19, 21, and 22 in Eq. 15

de,wet :Niﬂ (1 _ Np,we[)

dl drop Np7t0t
il Nowet _ Nuw ) (Nower —1
_fC’/de l101\7[),wet ( p.wet —< pwet n ) ( p,wet >)
Ndrop Ndrop and Np,to[ —1
_ Npwet Npwer
T Ndrop
24

Equation for Ny

The total number of droplets in the granulator is modeled
in the same way as the number of wet particles. Similar to
the MC, we assume here that a droplet can not be deposited
onto another deposited droplet. This means that every droplet
deposition affects the wet surface coverage fraction. The
birth rate Byrop for Ny is then

Barop =N grop (25)

Equation 22, which serves here as the death rate of drop-
lets due to convective drying, is updated by replacing the
factor Np wet /Narop With Nerop /Npwet . This would provide us
the total number of droplets to be dried when multiplied
with Np_wet. Furthermore, the death rate of droplets due to
aggregation is computed by multiplying the death rate of wet
particles due to aggregation by Ngrop /Npwer. However, we
assume that every aggregation event, even if the resulting
granule remains wet, consumes one droplet. Hence, we do
not consider the factor Ny yet /Narop in Eq. 19 to model the
death rate of droplets due to wet-dry aggregation. Consider-
ing these facts, Eq. 24 is modified to predict Ngop as

wet particles

2.8f

O MC
= = =Model without effect of agg. on dry.
= Model with effect of agg. on dry.

38 75 110 150
time [s)
Figure 5. Comparison of Npwe: computed with and
without effect of aggregation on drying.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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dN, drop - in
dt = Ndmp _Nde

Npwet — 1 N
(320 )
2Mya Np ot —1 TN wet
The average wet surface coverage fraction per wet particle
n is computed during the PBM simulation by

(26)

_ Ndrop npp

27)
Np,wetA

Here, n,, is the surface coverage fraction of one droplet
on a primary particle and is taken to be Ay, /24, where App
is the primary particle surface area. In Eq. 27, A is the mean
surface area of the particles at time 7. We know that each
aggregation event decreases the surface area of colliding par-
ticles by two sectors, hence A is calculated as

A= APP -

D ((4i+2)N;) 28)

where m is the number of primary particles in the largest
agglomerate and N; is the number of agglomerates with 7 pri-
mary particles at time ¢.

Final remarks

Evaluation of Ny, completes the development of our
PBM. The system of Egs. 1, 13, 14, 24, and 26 forms a
comprehensive PBM that takes into account the process con-
ditions during simulation. For better understanding, assump-
tions taken into account in modeling of the PBM are
summarized in Table 1.

To solve the PBM, we still need information about three
more parameters, namely collision frequency per particle f;,
average success fraction concerning the dissipation of kinetic
energy Y, and the drying time 7 of a droplet. The average
values of f. and  are extracted from the MC simulations.
The vector containing the values of f. at each time step is
extracted from the MC and then a mean value of f. is calcu-
lated. The effect of dissipation of kinetic energy during any
binary collision is included in the PBM by computing an
average value of the success ratio from the Stokes criterion
in the MC. Success ratios according to Stokes criterion are
computed in each time step of the MC by dividing the num-
ber of times the Stokes criterion is fulfilled with the number
of times particles have collided at wet position/s. These val-
ues are then further averaged to capture the overall effect of
dissipation of kinetic energy. It should be noted that the val-
ues of f. and Y are used in the simulation prior to the simu-
lation, that is, it is not the case that these values are chosen
in a way that the results of PBM show a good match with
MC. Moreover, both constant values appear in front of Eq.
13 as product of each other which serves as a scaling factor.

Results and Discussion

The developed model (Egs. 1, 13, 14, 24, and 26) has
been validated by comparing the results with CVMC simula-

Table 1. Assumptions of the PBM

Collisions are size independent

Steric hindrance remains constant during agglomeration process
A droplet can not be deposited on a wet position

Only accessible droplets are considered for drying

Collisions at wet spots of two wet particles are neglected

[ SR UV N

Table 2. Denotation of Simulations with Varied Parameters

Set-A (Binder Addition Set-B (Binder Mass

Rate) Fraction)
MC-01 PBM-01 MC-01 PBM-01
MC-02 PBM-02 MC-04 PBM-04
MC-03 PBM-03 MC-05 PBM-05

tions. For this purpose, two sets of MC and PBM simulations
with variation of two operating parameters, namely binder
liquid mass flow rate M, and initial binder mass fraction x;,
are discussed here. Further sets of simulations conducted by
varying other operating parameters, such as gas inlet temper-
ature, behave in a similar way. The sets of simulations to be
presented are denoted by Set-A and Set-B, and are further
subdivided into MC and PBM simulations, as shown in
Table 2.

Set-A corresponds to simulations performed with variation
in binder mass flow rate, whereas Set-B represents simula-
tions carried out with variation in initial binder mass frac-
tion. Each set contains three MC and three PBM simulations
with a unique value of binder mass flow rate or initial binder
mass fraction, whereas all other process conditions and mate-
rial properties remain the same. All simulations represent a
batch mode of lab-scale agglomeration experiments in which
the gas mass flow rate stays constant. The description of the
different simulations and varied parameters is summarized in
Table 3.

The other process conditions and material properties
required to run the simulations are summarized in Table 4.
To validate the PBM, results are generated from the CVMC
with the process conditions and material properties as
described in Tables 3 and 4 for all sets of MC
“experiments.” In the second step, results from PBM are pro-
duced by simultaneous numerical solution of the system of
Egs. 1, 13, 14, 24, and 26. All process conditions and mate-
rial properties are kept the same as in Tables 3 and 4. The
values of f;, ¥, and t are illustrated in Table 5.

By observing Table 5, it can be concluded that the aver-
age collision frequency per particle more or less remains the
same for all simulations. The empirical correlation that has
been used in MC' to calculate fc depends on two factors:
gas fluidization velocity and volume of expanded bed. As
the gas fluidization velocity remains the same and constant
for all simulations, the only factor responsible for any
change in the average value of f, is the volume of expanded
bed. Therefore, the small variations in the values of f. could
be explained by the fact that with the passage of time the
volume of the bed decreases due to increasing size, and,
hence weight of particles. Consequently, the value of f; is
expected to be slightly lower in the case of higher aggrega-
tion rate. This can be observed from Table 5 and results of

Table 3. Simulations with the Corresponding Values of the
Varied Parameters

Binder Mass Binder Mass
Simulations Flow Rate (g/h) Fraction (wt %)
MC-01, PBM-01 300 8
MC-02, PBM-02 100 8
MC-03, PBM-03 500 8
MC-04, PBM-04 300 4
MC-05, PBM-05 300 10
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Table 4. Process Conditions and Material Properties

Parameter Symbol Quantity Unit

Bed mass Myeq 500 g

Primary particle dpp 0.4 mm
diameter

Particle density Pp 2400 kg /m?

Particle surface hy 0.01 mm
asperities height

Particle restitution e 0.8 -
coefficient

Droplet diameter darop 80 um

Particle-droplet 0 40 degree
contact angle

Binder mass fraction Xp 4-10 wt %

Binder liquid density I 1020 kg /m?

Binder volumetric vy 100-500 ml /h
flow rate

Collision velocity, Ue 0.675 m/s
mean value

Fluidization velocity Uy 1.35 m/s

Gas mass flow rate M, 100 kg /h

Gas inlet temperature T, 30 °C

Molar fraction of Ve 0.0023-0.0086 -
vapor in the gas

Moisture content Y, 1.4-5.4 g/kg
in the gas

Initial number of Nppmc 0 2000 -

primary particles
in MC simulation box

sections Variation of Binder Mass Flow Rate and Variation
of Binder Mass Fraction.

As mentioned earlier, {y represents an average value of the
success fraction regarding the dissipation of kinetic energy for
collisions at wet spots. For instance, in PBM-01
¥ =0.67signifies that 67% of all collisions that have taken
place on wet spots were successful in the course of the simula-
tion. During the early stage of the agglomeration process, it is
expected that the kinetic energy will be dissipated in almost
every collision at a wet spot, due to small particle size. There-
fore, 1y is close to unity at this time. However, with the passage
of time the average size of particles increases and the chance
to fulfill the Stokes criterion decreases. Therefore, Y also
decreases. It can be observed from Table 5 that i/ has almost
the same value for all simulations except for PBM-04. Here,
shows a significant decrease in its value as compared to the
other simulations. This is due to low binder mass fraction
(4%). With such a low binder mass fraction, one can expect
rebounds in many wet collisions, especially with growing
mean size of particles. Therefore, the value of y drops down
significantly in this case.

The values of T shown in Table 5 have been calculated by
using the model given in Terrazas-Velarde et al.’ According
to this model, the drying time is inversely proportional to
the difference in vapor pressure between particle surface and
the bulk of the gas. Water vapor pressure at the particle sur-
face is calculated at adiabatic saturation temperature. The
bulk of the gas is assumed to be perfectly backmixed in the
model, so that vapor pressure, molar fraction y, and mois-
ture content Y, in this bulk (cf. Table 4) increase with
increasing mass flow rate of binder liquid. Therefore, the
driving force for drying decreases and the drying time t
increases from PBM-02 to PBM-01 and PBM-03 in Table 5.
On the contrary, the simple drying model by Terrazas-
Velarde et al."” does not account for any influence of binder
mass fraction under the same conditions on drying time.
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Consequently, the same drying time is used for PBM-01,
PBM-04, and PBM-05 in Table 5.

Variation of binder mass flow rate

The results generated in Set-A simulations (variation of
binder mass addition rate) are plotted in Figures 6, 8, and 9.
All figures show a good match of MC and PBM results. It is
expected that with the increase of binder addition rate the aggre-
gation rate increases, because of increase in the concentration
of wet particles, which means that the chance of wet collisions
increases and, hence, the probability of a collision to be suc-
cessful also increases. This further implies that the aggregation
efficiency increases with an increase in binder addition rate, a
behavior that can easily be observed in Figures 6 and 8.

All simulations were run for 200 s except MC-03 which is
plotted for a process time of 140 s. The reason is that MC-
03 and, hence, PBE-03 have very high binder mass flow rate
due to which particles get aggregated very rapidly. This can
be observed in Figure 6a that provides a comparison of nor-
malized total number of particles predicted in MC and PBM.
It can be seen that in MC-03 and PBM-03, a degree of
aggregation of around 95% has been achieved in 140 s,
whereas at the same time simulations with binder mass flow
rates of 100 and 300 g/h show around 60 and 80% degree of
aggregation, respectively.

Furthermore, due to high binder mass flow rate in MC-03
almost all particles become wet after a certain time, as can
be seen in Figure 7. Due to high binder flow rate, the con-
centration of droplets increases rapidly to a high value that
can be observed in Figure 6¢. Therefore, a relatively large
number of wet collisions takes place and the aggregation
rate increases. PBM takes all these facts into account and
predicts the results accordingly. The number of wet particles
(Figure 6d) predicted by PBM also gives a very good match
with the number of wet particles from MC. Furthermore, the
wet surface coverage fraction per wet particle (1) computed
using Eq. 29 also provides a good approximation to the
results of MC (Figure 6b). The wet surface coverage fraction
per wet particle decreases with time because of two reasons:
(1) total surface area of wet particles increases with time and
(2) the concentration of droplets is affected by consumption
of droplets in agglomeration and convective drying of drop-
lets. This means, the number of droplets present on the
surfaces of particles at any time is less than the total influx
of droplets in the system. Furthermore, the total surface area
of wet particles increases with time due to aggregation,
which also plays role in decreasing the average wet surface
coverage fraction per wet particle. We can expect an
increase in n when all particles become wet. This can be
observed in the case of mass flow rate of 500 g/h in Figure
6b. It is shown further in Figure 7 that in this case more or
less all particles in the system became wet after 110 s.

The comparison between predicted and extracted aggrega-
tion efficiencies is demonstrated in Figure 8. The results
shown in Figure 8 are encouraging and prove that the devel-
oped aggregation kinetic model (Eq. 13) is capable of

Table 5. Values of f.,), and

Sim. # Params. PBM-01 PBM-02 PBM-03 PBM-04 PBM-05

JACE) 1.85 1.86 1.80 1.88 1.84
w(-) 0.67 069 070 058 0.69
1(s) 3.8 33 42 3.8 3.8
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Results for MC-03 and PBM-03 have been plotted until 140 s.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

capturing the effect of binder mass flow rate on the aggrega-
tion process with good accuracy.

All results shown in Figures 6 and 8 would, though, not
make sense if the final PSD could not be predicted with
acceptable accuracy by the PBM. Hence, the PSDs at final
times are presented separately in Figure 9 for the simulations
of Set-A at three different binder mass flow rates. All plots
show a good agreement between MC data and PBM predic-
tions. In Figure 9 and all other figures where PSDs have
been plotted (Figure 12), the particle sizes have been
described by the number of primary particles they contain.
In such figures, the abscissa represents the number of pri-
mary particles per agglomerate, whereas the ordinate shows
the number of particles/agglomerates. For instance, Figure 9c
shows that at 140 s, we have in the system 1.03x10*
agglomerates composed of one primary particle, 9.93%x10?
agglomerates composed of two primary particles,
9.52X 10%agglomerates composed of three primary particles,
and so on. The shape of the PSD is expected to be exponen-
tial like, as shown in Figures 9 and 12. This is because of
two reasons: (1) the initial PSD is taken to be mono dis-
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persed and (2) no effect of flow pattern is included in our
model (also in MC), that is, the size-dependent part of the
aggregation kernel is taken to be unity. It is also important
to mention here that the proposed PBM is significantly com-
putational efficient as compare to the MC. For instance,
PBM-01 takes 11 s, whereas MC-01 requires approximately
2 h, to run the simulation of 200 s on a computer with i5—
750 processor with 2.67 GHz of clock speed.

Variation of binder mass fraction

In Set-B of simulations, the initial binder mass fraction of
droplets (x) is varied from 4 to 10%, as described in Table
3. The comparison of results of MC and PBM simulations is
presented for the normalized number of particles, the wet
surface coverage fraction per wet particle, the total number
of droplets, the total number of wet particles, the aggregation
efficiency, and the PSD in Figures 10-12.

Increasing the binder mass fraction in the droplet increases
the viscosity of the binder and the capability of the liquid
layer on the particle to dissipate the kinetic energy of the
binary collision, so that we can expect higher aggregation
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efficiency and, hence, higher aggregation rate. This effect
can be observed in Figures 10a and 11 but it is not very
strong, because all other process conditions were the same in
these simulations, resulting in more or less the same values
of f., 7, and y for all simulations of Set-B (Table 5). An
exception is the relatively small value of y for MC-04 and
PBM-04, which is expected because of very low binder mass
fraction in this case.

Results of simulations with the two highest binder mass frac-
tions (MC-05 and MC-01) are very close to each other, because
process conditions are otherwise the same and the difference in
binder mass fraction between MC-01 and MC-05 is only 2%.
Simulation results with the smallest binder mass fraction
(x5 =4%) although show higher number of wet particles (Figure
10d) and the smallest aggregation rate (Figure 10a), with signif-
icant difference from the other simulations. Droplets with only
4% of binder mass fraction have a relatively small chance of
fulfilling the Stokes criterion with increasing average size of
particles. Therefore, we can expect relatively low aggregation
rate in this case (Figure 11). Wet surface coverage fraction per
wet particle (Figure 10b) behaves similar as the number of par-
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ticles (Figure 10a), whereas the number of droplets (Figure 10c)
remains essentially constant with changing binder mass frac-
tion. In all these cases, the developed PBM demonstrates its
strength by predicting the results of the MC with high accuracy
and in an efficient way.

The computed aggregation efficiencies from Eq. 13 for all
population balance simulations of Set-B are compared with
aggregation efficiencies extracted from the corresponding
MC simulations in Figure 11. The highest and lowest aggre-
gation efficiencies are shown by MC-05 with x,=10% and
MC-04 with x,=4%, respectively. It can be observed easily
from Figure 11 that the predictions of the model (Eq. 13)
match precisely with the MC results. The behavior of f,
with changing binder mass fraction is captured by the model
satisfactorily, which reveals its potential despite of con-
ducted simplifications.

As mentioned earlier, the agreement of PSDs computed
by the PBM comprising of Egs. 1, 20, 21, 22, and 23 with
PSD’s resulting from the MC approach is of crucial
importance. Figure 12 demonstrates this agreement for Set-
B simulations. The PSD’s of MC-01 and PBE-01 are
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not compared in Figure 12, as this has already done in
Figure 6a.

Remarks

After having discussed the results of the proposed model
in a realistic window of operating conditions, we would like
to briefly comment on its viability for practical applications.
In addition to the process conditions, one needs to know f¢,
7, and ¥ in advance to apply the PBM to simulate SFBG.
The drying time t can be calculated separately from a more
or less sophisticated model for the drying of sessile droplets
as, for example, from the model presented in Terrazas-
Velarde et al." Concerning f., Terrazas-Velarde et al.'” have
shown that the influence of operating parameters on the col-
lision frequency can be predicted from the literature correla-
tions, but absolute values need to be adapted. This is done
by comparing MC results with the results of one SFBG

3 xb=4%
IZXIO ‘
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O

[¥5)
i
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experiment to fit the prefactor of literature correlation for f;
to a constant value. Regarding the overall success fraction
concerning the dissipation of kinetic energy, /, it can be
obtained from a few MC data, as done in the present work.
However, derivation from MC constitutes a certain limita-
tion, and it would be better to model this parameter within
the PBM frame. Such modeling of the overall success frac-
tion Y is a challenging problem and subject of ongoing
work. The aim is to develop an independent PBM with as
few as possible fitting parameters to simulate spray fluidized
bed agglomeration at the macroscale.

Conclusions

The effect of micro-processes on the macroscopic behav-
ior of SFBG has been investigated. In this frame, the simula-
tion of SFBG by means of population balances is supported
and developed by studying the micro—macro interactions in
MC simulations. A microscale approach based on CVMC
simulations of Terrazas-Velarde et al.'"’ was used to analyze
the effects of microprocesses on the aggregation behavior.
As a result, the parameters affecting the aggregation rate are
determined and modeled in the form of a kernel using simple
theory of probability and combinations. Because of the ran-
dom binary collisions of particles in the MC, the modeled
kernel is dependent only on the aggregation efficiency term
Bo(t). Furthermore, it is observed that the kernel, that is, f3,
(), and hence the whole aggregation process, has a direct
correlation with the total number of particles N, o, the total
number of wet particles Np e, the collision frequency per
particle f;, the average wet surface coverage fraction per wet
particle, and an overall success fraction i accounting for the
dissipation of kinetic energy. To reflect the effect of process
conditions and material properties in the kinetic aggregation
model, it was inevitable to model these variables independ-
ently. Hence, models for Nj o, NVpwer» and the total number
of droplets Ny, have been developed and discussed under
the assumptions and simplifications of CVMC. The three dif-
ferential equations for N, Npwet, and Ngrop along with an
algebraic equation for the aggregation kernel and a conven-

tional 1-D PBE for pure agglomeration are then
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Figure 12. PSDs at t =200 s predicted from simulations of Set-B: (a) MC-04, PBM-04 and (b) MC-05, PBM-05.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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simultaneously solved by numerical methods to predict the
dynamics of the system.

Theoretical validation of the PBM comprising of the Egs.
1, 13, 14, 26, and 28 was done by comparing the results of
PBM with the results of CVMC simulations. Results from
two sets of simulations, each set consisting of three simula-
tions by means of MC and PBM, with variations in binder
mass flow rate and binder mass fraction were generated and
analyzed. The developed technique for simulating the granu-
lation process has shown very encouraging results. In all
PBM simulations, almost all predicted results (i.e., Npor,
Npwets Narop» Bo» and PSD) show a very good match with
the corresponding results of MC simulations.

Although PBM has shown good results, the approach can
further be improved in many ways. A separate model for
binder distribution may be formulated to predict the wet sur-
face coverage fractions at least on a given size of particles.
Furthermore, the success fraction concerning the dissipation
of kinetic energy s should, in principle, be also modeled to
make the PBM approach more independent of fitting. Never-
theless, the results presented in this work indicate that values
of f. and y can approximately be taken as constants for PBE
simulations within a certain window of operating conditions.

The main conclusion of the work is that the effect of pro-
cess parameters can be modeled in the aggregation kernel,
and a microscale method such as MC can play an important
role in such study. Furthermore, many variables with distri-
butions at the microscale, such as the average wet surface
coverage fraction, can be represented at the macroscale by
means of an average value. The proposed model enables to
predict the dynamics of SFBG in an improved, providing
more information than conventional methods with a rela-
tively low computational effort. Despite of some limitations
in the developed technique, the model has illustrated its
value and generality by predicting results comparable to MC
results for all sets of conducted simulations. This indicates
the potential of the developed model to capture the effect of
variation in the operating conditions and let us expect a
good performance even in more general situations.
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Notation

A = average area, m
B = birth rate, s~
C = combination
d = diameter, m
D = death rate, s~
e = restitution coefficient

f = frequency per particle, s~
I = size classes
k = total number of iterations
m = maximum number of primary particles per agglomerate
M = mass flow rate, kg /s
n = number density of particles, 1/m
N = number

I\Z = number flow rate, s~ !

N = reduced number

P = probability

P = system pressure, Pa

Px = saturation pressure, Pa

2

1

1

3
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t = time, s
= temperature, °C

At = time step in Monte-Carlo, s

u = velocity, m/s
sizes (volumes) of particles, m
x = mass fraction
Y = moisture content, kg/kg
y = molar fraction of vapor

3

Subscripts

a = asperities
adhes = adhesion
b = binder
¢ = collision
drop = droplets

dry = dry
dryng = drying
g= gas
1= liquid
p = particle

pp = primary particle
s = successful

tot = total
wet = wet
wd = wet-dry

ww = wet-wet

Superscripts

agg = aggregation

crit = critical

dist = distribution
in = inlet

Abbreviations

CNMC = constant number Monte-Carlo
CVMC = constant volume Monte-Carlo
MC = Monte-Carlo
PSD = particle size distribution
PBE = population balance equation
PBM = population balance model
SFBG = spray fluidized bed granulation

Greek letters

B = aggregation kernel, m? /s
fo = aggregation efficiency, s~
B* = size-dependent part of aggregation kernel, m?

n = wet surface fraction per wet particle/probability of collision at wet

surface in wet-dry collision

1, = probability of collision at wet surface/s in wet-wet collision

0 = constant angle of droplet with particle surface, degree

p = density, kg/m?

T = drying time of a droplet, s

Y = average success fraction due to dissipation of kinetic energy.

1
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