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Abstract

This work deals with estimating the dominant size enlargement mechanism in spray
fluidized beds. A new process model is presented, which consists of population bal-
ances and a heat- and mass-transfer model. New methods to incorporate the wet
surface fraction and the Stokes criterion are proposed, which allow for the probability
of wet collisions and the probability of successful wet collisions to be calculated. The
product of these parameters, the probability of successful collisions, is linked to the
dominant size enlargement mechanism. Simulation studies were performed to inves-
tigate the influence of inlet gas temperature, viscosity, droplet size, and contact angle
on the probability of successful collisions. Further simulation results based on experi-
ments available in literature suggest that exceeding a probability of successful colli-
sions of 0.001 is sufficient for agglomeration to become dominant. Otherwise,
layering will be the dominant size enlargement mechanism. Finally, regime maps of

layering and agglomeration are constructed.

KEYWORDS

1 | INTRODUCTION

Spray fluidized beds are often used for particle formulation processes
in the pharmaceutical, agricultural, and food industries to produce par-
ticulate products from solid containing liquids.® In a spray fluidized
bed, the liquid is sprayed on a particle bed fluidized by a hot gas stream
inducing size enlargement of the particles. Depending on the process
conditions and material properties, size enlargement by agglomeration
or layering may occur, see Figure 1. Agglomeration denotes the forma-
tion of particles consisting of several primary particles connected by
binding forces, which are mainly caused by material bridges (i.e., liquid
or solid binder bridges) in the considered processes. Interparticle colli-
sions at wet spots created by repeated droplet deposition and subse-
quent drying of liquid bridges lead to the formation of agglomerates.
Agglomerated particles are produced for applications such as enhanc-
ing re-dispersion behavior of food powders®® and improving com-
pactibility and dosing accuracy prior to tabletting of pharmaceutical
powders.># In layering, interparticle collisions do not contribute to par-

ticle growth. Instead, the particles grow by repeated droplet

agglomeration, layering, size enlargement mechanism, spray fluidized bed

deposition, drying, and solidification of the liquid droplets, leading to a
solid layer around the initial particles. In coating processes (core parti-
cle material and sprayed solid material are different), the solid layer
may be used for sustained release, taste and odor masking, and to pro-
tect the core particle from environmental influences.*™® In layering
granulation (core particle material and sprayed solid material are identi-
cal), the main objective is to transform the liquid material into a partic-
ulate product with a specified size distribution” (e.g., when producing
fertilizers®). Generally, both size enlargement mechanisms may occur
simultaneously, but depending on the application of the product, only
one size enlargement mechanism should be dominant.

The border between agglomeration and layering has been investi-
gated experimentally in studies dealing with layering processes, in
which agglomeration is an undesired side effect. Dewettinck et al”*°
focused on the detection of defluidization caused by rapid agglomera-
tion in coating processes. Moraga et al® Hemati et al,!! and Hede
et al'?>!® deal with the direct measurement of the mass fraction of
agglomerated particles in coating and layering granulation processes.

These studies indicate that agglomeration is more pronounced if the
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particle size, the temperature in the bed, the mass flow rate, and the
evaporation capacity of the fluidization gas are decreased, and the
spraying rate and the droplet size are increased. Theoretical investiga-
tions of the border between agglomeration and layering are also avail-
able in the literature. Boerefijn and Hounslow'* and Boerefijn et al'®
suggest a classification of the dominant size enlargement mechanism
using a dimensionless number called Flux-number based on the works
of Akkermans et al*® and Wasserman et al.” This parameter takes the
particle density, the excess gas velocity of the fluidization gas, and
the mass flux of the spray (related to the bed surface area wetted by
the spray cone of the nozzle) into account, but does not consider the
temperature or the drying capacity of the fluidization gas, which have
been identified to influence the dominant size enlargement mecha-
nism. Another classification is given by Ennis et al*® based on the
works of Davis'? and Barnocky and Davis.?° This approach deals with
predicting the outcome of a binary, normal collision (agglomeration or
rebound) between particles on the single particle level. Two dimen-
sionless numbers, the viscous and critical Stokes number, are used in
this criterion taking into account microlevel parameters such as liquid
film height and viscosity, particle size, and particle restitution coeffi-

cient. Donahue et al?%?2

present theoretical and experimental work
on the outcome of oblique collisions between particles. They have
found that particles may separate after successful agglomeration,
although the Stokes criterion (derived for normal collisions) is met.
This observation is attributed to centrifugal forces arising from the
rotational motion of the agglomerate, leading to breakage of the liquid
bridge. A dimensionless number (i.e., the centrifugal number) is pro-
posed to characterize the influence of centrifugal forces. According to
Donahue et al,?* both the Stokes criterion and the centrifugal number
should be used to predict whether collisions lead to agglomeration.
Hede et al'® and Villa et al®® tested both the Flux-number and the
Stokes criterion (for normal collisions) experimentally. Though both
criteria predicted layering to be the dominant size enlargement mech-
anism, agglomeration has also been observed indicating that more

complex criteria are required.

layering

agglomeration

o
o
¥

Scheme of the two size enlargement mechanisms in spray fluidized bed processes [Color figure can be viewed at

Modeling the kinetics of both size enlargement mechanisms is of
great interest in the literature, see Heinrich and Mérl,?* Vreman
et al, %’ Silva et al,?® Rieck et al*” for layering and Hounslow et al,?®

1,2 Hussain et al®® for agglomeration. In case of layering,

Kumar et a
the kinetics can be calculated directly from the process parameters
and particle properties, while in case of agglomeration the situation is
more complex. Usually, the kinetics of agglomeration is described by
an aggregation kernel, which depends on time and particle size. Several
kernel equations, mechanistic or empirical, have been proposed in lit-
erature.®! Selecting one of them can be done by trial and error or by

fitting free parameters in empirical kernels. Hussain et al®°

present a
study on modeling the aggregation kernel as a result of process condi-
tions and material properties, which is achieved by incorporating the
probability of wet collisions and the probability of successful wet colli-
sions in the aggregation kernel. They show that these parameters are
related to the wet surface fraction and the Stokes criterion, respec-
tively. By extending a one-dimensional population balance model to
capture additional properties such as the number of wet particles and
droplets, the wet surface fraction was calculated and the probability of
successful wet collisions was estimated based on the Stokes criterion
using the mean particle diameter. The wet surface fraction has been
used in modeling spray fluidized bed processes by Heinrich and Mérl.2#
However, they assume that the sprayed liquid forms a coherent film
with an arbitrary height on the particle surface and this model has not
been used to estimate the dominant size enlargement mechanism.

In this study, a model to estimate the dominant size enlargement
mechanism for spray fluidized bed layering processes is presented.
Based on the work of Hussain et al,3° the probability of wet collisions
and the probability of successful wet collisions are modeled. In order
to calculate the probability of wet collisions, a new model for the wet
surface fraction including the geometry of deposited droplets is pres-
ented. Additionally, a new model for calculating the probability of suc-
cessful wet collisions using the complete particle-size distribution is
derived. From these parameters, the probability of successful colli-

sions is calculated, which is used to estimate if either layering or
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agglomeration will be dominant. A simulation study is used to investi-
gate the influence of temperature, viscosity, and wetting parameters
(droplet size and contact angle) on the dominant size enlargement
mechanism. Based on experimental data and simulation results, a clas-
sification of the size enlargement mechanism based on the probability
of successful collisions is proposed, which can be used to create

regime maps.

2 | MODELING
2.1 | Estimating the probability of successful
collisions

The modeling approach by Hussain et al®®

shows that the aggregation
kernel depends on the probability of a wet collision (at least one drop-
let must be involved in a collision for agglomeration to happen) and
on the probability of a successful wet collision (probability that the
kinetic energy is dissipated in a wet collision, leading to agglomera-
tion). The product of these parameters, which is the probability of suc-
cessful collisions Pcopsuc, May then be used to estimate the dominant

size enlargement mechanism:
Pcoll,suc = Pcoll,wet‘PcoII,wet,suc~ (1)

The dominant mechanism will be layering if Peon, suc — O. This
may be due to a low probability of wet collisions (Pcoy, wet — 0), a low
probability of successful wet collisions (Peon, wet, suc — 0), or both. If
Pconsuc is sufficiently large (ideally if Peoy, suc — 1), agglomeration will
be the dominant mechanism. This condition will certainly be fulfilled if
both the probability of wet collisions and the probability of successful
wet collisions approach unity (Peoi, wet — 1 and Peoi, wet, suc — 1)
Note that in Equation (1) the influence of breakage of either liquid or
dry bridges is not included. At this stage it is assumed that breakage
does not dominate the process and therefore the probability of suc-
cessful collisions can be used as a suitable parameter to estimate the
dominant size enlargement mechanism. In the following sections,

modeling of the considered probabilities is presented.

2.1.1 | Probability of wet collisions

In this approach, following Rajniak et al,?2 a simplified situation is consid-
ered, assuming that all particles are wet and have the same wet surface
fraction W. Since only binary collisions are taken into account, at least
one droplet, but not more than two droplets can be involved in a wet col-
lision. The probability of wet collisions is then equal to the probability
that at least one droplet is involved in a collision. This parameter can be
calculated from the probabilities of the individual events (exactly one

droplet and exactly two droplets take part in a collision):

Peotiwet = 2% (1 —W) + W2 = 2¥ -2, (2)

AI?BEJ R NALJSLf18

2.1.2 | Probability of successful wet collisions

The probability of successful wet collisions is calculated based on the
Stokes criterion. In this approach, we consider normal collisions as
well as spherical, nondeformable particles, which are always larger
(in diameter) than the sprayed droplets. The criterion uses a viscous
and a critical Stokes number to determine the outcome of a binary
collision between spherical particles of equal size, which is either
rebound, or agglomeration, see Ennis et al'®

Davis?°:

and Barnocky and

4Q XVcoll 1 h
St= §meandStcm = (1 + E) In (h_a> ) 3)

In this equation, x is the particle diameter, g, is the particle
density, v is the collision velocity, 7 is the viscosity of the liquid, e is
the restitution coefficient of the particles, and h and h, represent the
height of the liquid layer and the surface asperities of the particle
material, respectively. A binary collision results in agglomeration if
the critical Stokes number exceeds the viscous Stokes number. Other-

wise, the collision results in rebound of the colliding particles:

Agglomeration St < St

Out =
utcome {Rebound

Otherwise.

Rearranging, a critical diameter x.i; can be calculated:

9 1 h
Xerit = ZQchoII <1 + E) In <E> . (5)

Particles with a diameter smaller than or equal to this value have
the possibility to agglomerate upon a wet collision since the Stokes
criterion is fulfilled. The fraction of particles f,g; below this value can
be obtained from the normalized number-based particle-size distribu-

tion qo:

Xerit

fagg = j qodx. (6)

o

Figure 2 shows a normalized particle-size distribution go (normal
distribution with a mean diameter of 0.2 mm and a standard deviation
of 0.05 mm). In this example, the critical diameter is equal to 0.15 mm
and fagg equals 0.16.

Since the Stokes criterion presented by Ennis et al*®

is developed
for spherical particles of equal size, the diameter of both colliding par-
ticles should be smaller than x.i; for agglomeration to occur. As
shown by several authors®3-3° the Stokes criterion can be generalized
to account for the collision of unequal spheres by using the harmonic
mean particle size. As a result, a wet collision leads to agglomeration if
the harmonic mean of the diameters of the colliding particles is

smaller than or equal to the critical diameter:
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FIGURE 2 Plot of a particle-size distribution (mean value and SD

equal to 0.2 and 0.05 mm, respectively) with a critical diameter equal
to 0.15 mm and the corresponding fraction of particles with fulfilled
Stokes criterion [Color figure can be viewed at wileyonlinelibrary.com]

2X1X2
= Xerit - (7)
X1+ X2
In this case, the situation is more complex since one of the two
diameters may be larger than x.i; as long as the harmonic mean is still
smaller than x.it. Rearranging yields x, as a function of x;. Since a pole

exists at Xit/2, two cases are obtained:

X1 Xcrit Xerit
Xo2 =" for x;<-—=2t, (8)
2X1 — Xerit 2
X1 Xcrit Xerit
Xo < T for xq>-2t, 9)
2X1 — Xerit 2

Evaluating the equations shown above for the limit cases yields:

crit . X1 Xcrit X1 Xcrit

X .
O0<x1<—: =0 and Ilim ————=—-00,
x1—0" 2X1 —Xerit x5t 2X1 —Xerit
(10)
Xeri . X1 Xcri . X1 Xcri Xeri
2t xq < o0 lim it _ o and  lim et _ Aerit
Xlﬂ)%+ 2X1 = Xcrit X100 2X1 — Xerit 2
(11)

Both cases are shown in Figure 3a for the same example as in
Figure 2. For x; < X¢it/2, Xo must be larger than the value calculated
with Equation (8). This value starts at zero and decreases asymptoti-
cally to —co as x; — Xcit/2. Since in the considered process only posi-
tive values for x, are reasonable, this variable can attain any value
while x4 < Xit/2 in order to fulfill the condition given in Equation (7),
leading to agglomeration. For x4 > Xit/2, X2 must be smaller than the
value calculated with Equation (9). The value starts at oo and
decreases asymptotically to x.;/2. Here, the particle-size distribution
plays a role in whether the condition in Equation (7) is fulfilled and

agglomeration occurs.

The fraction of particles with a fulfilled Stokes criterion can be
calculated similar to Equation (6). However, in this case, its value
depends on x4. From the above shown analysis it can be deduced that
for X1 < Xrit/2, the corresponding value of f,g is unity since x, can
take any value. For x1 > Xit/2, fagg Can be calculated as shown above,
leading to:

Xerit
1 X1 < ——
2
fagg(X1) = { x; ]
[ godx x1> Xt
o 2

Figure 3b shows f,g as a function of x4 for the current example.
The probability of successful wet collisions can then be calculated
from f,g depending on x; and the probability distribution of the parti-

cle size, which is given by the normalized particle-size distribution go:

Pcoll, wet, suc(x’ Xl) = Jfagg(xl)QO(X)dX- (13)
0

2.1.3 | Verification of the probability of successful
wet collisions

In order to verify the proposed model used to calculate the proba-
bility of successful wet collisions, it is compared to results obtained
with a Monte Carlo model. In the Monte Carlo model, a set of parti-
cles with different diameters is created according to a given
particle-size distribution. In this example, the same distribution as
the one shown in Figure 2 is used to create a set of 10® particles.
Then, binary collisions between the particles are mimicked by ran-
domly choosing two collision partners from the particle set. In each
collision, the diameters of the collision partners are checked. A colli-
sion is then labeled “successful” if the harmonic mean diameter is
smaller than a given critical value x.:. After a certain number of col-
lisions, which is in this case 107, the fraction of successful wet colli-
sions is calculated. Note that other than checking if a collision is
successful, nothing else happens in the Monte Carlo model
(i.e., agglomeration of the collision partners) since the only purpose
is verifying Equation (13). The Monte Carlo simulation was then per-
formed for different values of x.i+ and for each case, the result is
compared to Equation (13) (see Section 3).

In order to calculate the probability of successful collisions, which
is used to estimate the dominant size enlargement mechanism, a pro-
cess model is required to provide the necessary parameters. The prob-
ability of wet collisions (see Equation 2) requires the wet surface
fraction, which is calculated as a part of a novel spray fluidized bed
drying model. Looking at the processes from the point of view of lay-
ering, a population balance model for layering growth is used to calcu-
late the transient behavior of the particle-size distribution, which is
required to calculate the probability of successful wet collisions (see
Equation 13). In the following sections, the drying models used here
are presented.
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2.2 | Drying model
221 | Wet surface fraction

The wet surface fraction ¥ is defined as the ratio between the wet
surface area Ap, (interface between particle and liquid phase) and the
total particle surface area A,. Changes in the wet surface area can be
attributed to changing wet surface fraction due to drying and chang-

ing total particle surface area due to size enlargement:

dA, _d LA, d¥
S = g (YA = A (14)

The change of total surface area depends on the transient behav-

ior of the second moment of the particle-size distribution n:

YR =yr| x2dx. (15)

dA, r’ an
dt o ot

In contrast to Heinrich and Mérl,>* who assume a coherent film,
the liquid phase is here described by a number of individual droplets
deposited on the particle surface. The droplets are assumed to be
monodisperse, each covering a certain surface area of the particle.
Coalescence or overlapping of droplets is not considered. Using these

(@)

1

— = Xerit

Agglomeration regime

0.8

0.6

X2 [mm]

0.4F

0.2F

fugg(-xl) [_]

0 0.1 0.2 0.3 0.4

x1 [mm]

FIGURE 3
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assumptions, the change in wet surface area depends on the area cov-
ered by a single droplet A oniact (footprint of the droplet), the mass of
the droplet My, and the mass of the liquid phase M;:

% = Acontact%
dt Mgy dt -

(16)

Combining Equation (14) to Equation (16) yields the time derivative
of the wet surface fraction, assuming that it does not exceed unity:

p Ay | Mgrop  dt o ot
0 Otherwise.

1 AcontacthI [ 2(9”
d‘l’={ { ‘Pan dx| ¥<1 (17)

The droplet geometry is described by equations proposed by
Meric and Erbil, 3¢ assuming that droplets take the form of a spherical
cap as indicated in Figure 4. The contact area Acontact, the curved sur-
face area of a droplet Aqrop, and the droplet height hy,, can be calcu-
lated from the droplet volume V., and the contact angle ¢:

T, .
Acontact = Zxcontact with  Xcontact =2 (

1/3
Weop  sin%0 /
7 2-—3cosh+cos36

(18)

(b)

0.8

0.6

0 0.1 0.2 0.3 0.4
x1 [mm]

Plot of the particle size x, (a) and the corresponding fraction of particles with fulfilled Stokes criterion f.gg (b) as a function of x, for

the same particle-size distribution and critical diameter as in Figure 2 [Color figure can be viewed at wileyonlinelibrary.com]

Vdrop

FIGURE 4 lllustration of a droplet
before (sphere) and after deposition
(spherical cap) on a flat surface [Color
figure can be viewed at
wileyonlinelibrary.com]
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_1ax?

— *contact
Adrop = 21+cost’ (19)
i\ 1/3
(Vaop [ 1 1\ 7!
Parop ( 7 \1-cosd 3 : (20)

In this way, the influence of droplet size (volume) and contact
angle on both the probability of wet collisions (contact area) and the
probability of successful wet collisions (droplet height) can be taken
into account. Note that the above shown droplet properties are calcu-
lated using the initial droplet volume. In this study, shrinkage and an
increasing viscosity of deposited droplets during drying is therefore
not included. Extensions in this direction can be made without con-

ceptional difficulties.

222 | Heatand mass transfer
Modeling of heat and mass transfer in fluidized beds has been investi-
gated in the literature, see Burgschweiger et al®” for fluidized bed dry-
ing and Heinrich and Mérl?* for spray fluidized bed layering. Both
models are very accurate, but complex.

The heat- and mass-transfer model for spray fluidized beds pres-
ented in this study relies on several assumptions for simplification.
Three phases are considered (liquid film, particle, and gas phase) and

the main assumptions are:

e no distinction between suspension and bubble phase,
o perfectly mixed solid and liquid film phase, and

o plug flow of the gas phase.

The heat and mass flow rates considered in the model are shown
in Figure 5: heat can be exchanged between the gas and particle
phase (index “gp”), between the particle and liquid phase (index “pl”),
and between the gas and liquid phase (index “gl”). Mass and enthalpy
transfer between the liquid and the gas due to evaporation is taken
into account. As a result of the main model assumptions, the particle

Mevap Hevap

le

Ogp

FIGURE 5 Scheme of the considered mass, enthalpy, and heat
flow rates in the presented model [Color figure can be viewed at
wileyonlinelibrary.com]

and liquid film phase do not depend on the spatial position in the flu-
idized bed. Since the gas phase is modeled assuming plug flow, the
mass and enthalpy of the gas phase depend on the spatial position in
the fluidized bed, which is represented by a normalized height coordi-
nate ¢. In the following, the resulting mass and enthalpy balances are
presented.

Mass and enthalpy balances

The mass of water in the gas phase M, is transported along the spa-
tial coordinate ¢ with a rate equal to Mw,g and changes due to the
mass flow rate of evaporation Mevap. The enthalpy of the gas phase H
is transported along ¢ as well and changes due to the enthalpy flow
rate of evaporation Hevap, and the heat flow rates between the gas
and particle Qgp and gas and liquid phase Qg|:

Myg .

c?Mw,g - + Mevapv (21)

ot o

AH Hg . .
Ttg = —7; +Hevap —Qgp— Q- (22)

The mass of the liquid film phase M, depends on the mass flow
rate of the sprayed liquid Mspraw and the mass flow rate of evapora-
tion. The liquid film enthalpy H, changes due to evaporation and the
heat transfer between the gas and liquid Qg| and the particle and liquid

phase Qp|, respectively:

M, . -

ditl = Mspray, I_Mevap: (23)
dH, - < .
ditl = _Hevap + le + Qpl- (24>

The mass of the particle phase M, is calculated from the third
moment of the particle-size distribution. The enthalpy of the particle
phase H, depends on the heat flow rates between the particle and
the gas phase Qq, and between the particle and the liquid phase Qu:

oo

b4 z |
M, = ngﬂs = ng J x3ndx, (25)
0
dH = .
Ttp = Qg — Q- (26)

Since the mass flow rate of evaporation, the corresponding
enthalpy flow rate and the heat flow rates between the gas phase and
the liquid phase, and between the gas phase and the particle phase
depend on the spatial location £, their average values are used in the
above shown mass and enthalpy balances for the film and particle

phase. The averaged values are calculated as follows:

I\T/’evap = JMevapdgy (27)
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,f’evap _ JHevapdCy (28) The enthalpy and heat flow rates used in the differential equa-
tions shown above are calculated as follows:
égl = ‘ledC1 (29) Hevap = Mevap (CVT| + Ahevap): (35)
< . le =aghAg(Tg—T)), (36)
Q= [ Qe (30)
Qui = apAp(To=T)) with Ay =PA,, (37)
Kinetics Qup = agpAep(Te = Tp) With Agy=(1-)A,. (38)

The evaporation rate is calculated using the following equation:

: . . A
Mevap = fogha (Y'(T1)=Y) with Ag='PA, =P (31)

contact

In this equation,  is the mass-transfer coefficient, o4 is the den-
sity of the gas, Ag is the area of the gas-liquid interface (curved sur-
face area of the droplets), Y*(T)) is the saturation moisture content of
the gas at liquid film temperature T, calculated according to Gliick,3®
and Y is the moisture content of the bulk gas. Note that the wet sur-
face fraction directly influences the evaporation mass flow rate since
it is part of Ag, which depends on the wet surface fraction, the total
surface area of the particles, and the ratio between the curved surface
area and the footprint of deposited droplets. If ¥ — 1 the evaporation
rate reaches its maximum and if ¥ — O the evaporation rate goes to
zero, resembling the behavior of particles which first dry from their
surface and then from their interior, as shown by Burgschweiger
etal®”

The mass-transfer coefficient j is obtained from the Sherwood

number Sh:

= SThé,Sh =f(Re, Sc), (32)
which is calculated here based on empirical correlations given by
Groenewold and Tsotsas.>’ The Sherwood number depends on the
Reynolds number Re and the Schmidt number Sc. The mass-transfer
coefficient then follows from the Sherwood number Sh, the diffusion
coefficient of water vapor in the gas §, and the particle diameter x.
The moisture content of the bulk gas Y is calculated from the mass of
water in the gas phase and the mass of dry air in the fluidized bed, see
Equation (33). In this equation, eped, Xped, aNd hpeq are the porosity, diame-
ter, and the height of the fluidized bed, respectively. The bed porosity is
calculated according to correlations given by Martin®® and the bed height
follows from the bed mass and volume (cylindrical fluidized bed chamber).
In a similar way, the moisture content of the particles X can be calculated

using the liquid film mass and the mass of the particles, see Equation (34):

_ Mg - v
Y= ngdw with Mg,dry Ebed4xbenghbedv (33)
M
X= v (34)

In these equations, « is the heat-transfer coefficient between the
respective phases. The gas-particle heat-transfer coefficient ag, fol-
lows from the corresponding Nusselt number Nug,, the particle diam-
eter x, and the thermal conductivity 4, of the gas:

~NUspde = ShLe12, (39)

Qgp

The Nusselt number is calculated from the Sherwood number and
the Lewis number Le. The gas-liquid heat-transfer coefficient ag is

1.2% The heat trans-

assumed to be equal to agy, as in Heinrich and Mér
fer between the particle and the droplet is assumed to be purely con-
ductive, neglecting any convection. For this case (contact between a
fluid and a sphere), ay, can be calculated with a Nusselt number equal
to two. The particle-liquid interface A, in Equation (37) is the wet
surface area and the gas-particle interface Ag, in Equation (38) is the
dry surface area of the particles.

The following equations are used to relate the temperature of

each phase with the corresponding enthalpy:

Hg = Mgary (CgTg +Y(cuTg + Ahevap)), (40)
Hp =Mpcp Ty, (41)
H| = M|C|T|. (42)

In these equations, cg, c, cp, and ¢ denote the specific heat

capacities of the gas phase, vapor, the particle, and the liquid phase.

2.3 | Population balance model

In the literature, several approaches exist to model particle growth
due to layering in spray fluidized bed processes. Compartment models
divide the process chamber into two or more coupled zones (i.e., a
spray zone and a drying zone) to account for dispersion of the
particle-size distribution during the growth process, see Sherony,*!
Whnukowski and Setterwall 2 Maronga and Whnukowski,*® and Rieck

.27 As shown by Neugebauer et al,** layering growth can also be

eta
modeled using a single compartment approach, which is used in this

study for simplification. The resulting growth model is a single one-
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dimensional population balance equation describing the transient

behavior of the particle-size distribution n due to layering:

on JGn
Fra (43)
The growth rate G is calculated according to Rieck et al,?” assum-

ing that the distribution of the sprayed material is related to an arbi-
trary moment y; of the particle-size distribution. Depending on the
type of the moment (index j), the growth rate G; can be calculated
directly from process and material parameters:

with g;= | xindx (44)
0

. o
- 2’V’spray,s X

I Qs”(l_&') Hi

In this equation, I\'/Is,may,S is the mass flow rate of the sprayed solid
material, g5 is the density of the sprayed solid material (without pores),
and ¢ is the porosity of the solid layer. The total growth rate G can then

be calculated as a linear combination of Gy using the constants 4,:

G= ;Aka with ;ak =1 (45)

In this work, 1, = 1, which leads to G = G,. As a result, the distri-
bution of the sprayed material is related to the particle surface area
following the idea proposed by Marl et al.** In all simulations pres-
ented in this study, the porosity of the solid layer is set to 30%.

Layering growth leads to a changing particle density, which can
be taken into account by calculating a mean particle density ¢, based
on the third moment of the particle-size distribution:

Ha, H3—H3,
Qp=Qp,0 30 +QS(1_£) & 30' (46)
H3 H3

In this equation, ¢, ¢ is the initial particle density, u3 represents
the third moment of the particle-size distribution and u3 is the initial

value of the third moment.

2.4 | Solution of the model equations

The system of differential equations is solved numerically using the
solver ode15s provided by MATLAB. The partial differential equations
given in Equations (21), (22), and (43), are discretized using a finite vol-
ume scheme. Additionally, in the case of Equation (43), a flux-limiter

function given by Koren* is used to reduce numerical diffusion.

24.1 | Simulation study

A simulation study was performed to investigate the influence of inlet

gas temperature, viscosity, and wetting parameters (droplet size and

contact angle) on the dominant size enlargement mechanism repre-
sented by the probability of successful collisions.

The simulation parameters and the used initial and boundary con-
ditions are shown in Tables 1 and 2, respectively. The simulation
parameters correspond to a lab-scale spray fluidized bed coating pro-
cess in which glass beads are coated with a sodium benzoate solution.
The specific heat capacity of glass particles is taken from Kuchling,*”
the coefficient of restitution is taken from Terrazas-Velarde et al®*
and the height of surface asperities (surface roughness) is assumed to
be small, in the range of 1 pm, following Dernedde.*® The collision
velocity is calculated according to a method presented by
Dernedde,*® which yields distributions of collision velocity based on
particle imaging velocimetry measurements in a pseudo-2D fluidized

TABLE 1 Simulation parameters (parameters for the reference
case are printed in bold)

Parameter Value Unit

Bed diameter Xpeq 0.15 m

Spraying rate Mgpray 0.7 kg h™?

Mass flow rate of the 40 kgh™?
fluidization gas M,

Mass-transfer coefficient g 0.012, 0.013,0.014 mst

Particle density ¢, 2,500 kg m~3

Solid density o5 1,440 kg m™2

Coefficient of restitution e 0.8 -

Height of surface 1 pm
asperities h,

Droplet diameter Xgrop 25, 50, 100 pm

Contact angle 6 20, 40, 60 °

Collision velocity vo 0.42 mst

Solid mass fraction ws 30 %

Specific heat capacity 729 Jkg™tK™?
of particles ¢,

Solid layer porosity 30 %

TABLE 2 Initial and boundary conditions (parameters for the

reference case are printed in bold)
Parameter Value Unit
Gn(t, x = 0) 0 st
nit = 0, ) No = flxo, 60) mm~*
Xo 0.2 mm
6o 0.05 mm
Y(t = 0) 0 -
Yin=Y(t,{=0)=Y(t=0,¢) 1 gk
Tein=Tt, £ =0) =Tyt =0,¢) 50, 70, 95 °C
X(t=0) 0 gkg™
Tt =0) 20 °C
Myt = 0) 0.5 kg
To(t = 0) 50, 70, 95 °C
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bed. In the current study, the mean collision velocity is used in the
model. Note that at this stage the calculated collision velocity is kept
constant (i.e., it is not adjusted according to changing particle proper-
ties during the simulation). A more detailed description of this method
is also given by Rieck et al*? in the frame of Monte Carlo modeling.
Note that the values given for the mass-transfer coefficient in Table 1
correspond to the initial values since $ decreases over time due to size
enlargement. The viscosity of the sodium benzoate solution has been
measured using a Hoppler viscometer at temperatures between
15 and 50°C. The viscosity is relatively low (i.e., 4.18 mPa s at a tem-
perature of 20°C). Following Poling et al,”® who suggest an exponen-
tial function to describe the influence of temperature on viscosity, an
empirical correlation was obtained based on the experimental data:

Iy =A+ (47)

_ B
T+273.15°

In this equation, T is the temperature (in °C) and A and B are con-
stants. For the considered solution (aqueous sodium benzoate solu-
tion with a solid mass fraction of 30%) A = —7.31 and B = 2,545 K.
Note that with these constants the viscosity is obtained in mPa s. In
the model, the viscosity is calculated as a function of liquid film tem-
perature T, using Equation (47). In the simulations denoted by “low
viscosity” values calculated with Equation (47) are used. In simulations
denoted by “high viscosity,” the viscosity is calculated with the same
equation, but multiplied with a factor of 3 mimicking an increased vis-
cosity due to the addition of thickener. The resulting viscosity at 20°C
is then 12.54 mPa s. Depending on the material, even higher viscosity
values are possible, see Dewettinck et al,? who used different gums as
coating material. In the following section, results of the study are
presented.

3 | RESULTS

In Figure 6, the probability of successful wet collisions calculated
according to Equation (13) is compared to results obtained with the
above described Monte Carlo model. In this example, the same
particle-size distribution as in Figure 2 was used and the critical diam-
eter was varied between 0.15 and 0.4 mm. An increasing critical diam-
eter leads to larger values for Pcoi wet suc Since the fraction of
particles with fulfilled Stokes criterion is increased. The results
obtained with both models agree well.

Figure 7 shows the transient behavior of the particle-size distribu-
tion and the influence of the inlet gas temperature on the wet surface
fraction, viscosity, and the critical diameter during 1 h of process time.
Figure 7a shows the transient behavior of the particle-size distribution
due to layering growth. The shape of the distribution is preserved,
while its mean value increases from 0.2 to 0.26 mm. Figure 7b shows
the wet surface fraction for different temperatures. An increasing inlet
gas temperature leads to a higher evaporation capacity of the gas and
therefore to a larger evaporation rate. As a result, the wet surface
fraction decreases from 0.29 (50°C) to 0.01 (95°C). The viscosity of
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FIGURE 6 Comparison of the probability of successful wet
collisions obtained with the proposed analytical model and a Monte
Carlo model

the solution decreases if the inlet gas temperature is increased, due to
a correspondingly higher liquid film temperature, see Figure 7c. The
critical diameter decreases with increasing inlet gas temperature as
well, see Figure 7d. Therefore, particles are more likely to form
agglomerates at low temperatures due to the combination of higher
wet surface fraction (probability of wet collisions) and higher critical
diameter (probability of successful wet collisions).

The mentioned probabilities are given in Figure 8. The probability
of wet collisions is shown in Figure 8a, following the behavior of the
wet surface fraction, see Figure 7b. The probability of wet collisions
ranges between 0.5 (50°C) and 0.02 (95°C). Figure 8b and Figure 8c
show the probability of successful wet collisions both for low and high
viscosities. The temperature dependency is the same in both cases: an
increasing inlet gas temperature leads to smaller values since the criti-
cal diameter is decreased, see Figure 7d. In case of low viscosity, the
values are very small, indicating that wet collisions are rarely success-
ful. However, if the viscosity is increased, the probability of successful
wet collisions is significantly increased. The values then range
between 0.3 (50°C) and 0.0005 (95°C). Figure 8d,e shows the proba-
bility of successful collisions, which is the product of the probability of
wet collisions (shown in Figure 8a) and the probability of successful
wet collisions (shown in Figure 8b,c). Agglomeration seems unlikely in
case of low viscosity since the resulting values are smaller than 0.001
for all temperatures. In case of high viscosity, agglomeration may
occur at an inlet gas temperature of 50°C since up to 15% of all colli-
sions are successful. For higher temperatures, the values of P.g) suc are
smaller than 0.001 indicating that agglomeration is unlikely. The influ-
ence of temperature and viscosity on the considered probabilities is
summarized in Table 3.

The influence of the wetting parameters (droplet size and contact
angle) on the wet surface fraction and the corresponding probability
of wet collisions is shown in Figure 9 and Table 3. Since the simulation

results in Figure 8 indicate that agglomeration is unlikely above an
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FIGURE 7

Plot of the particle-size distribution (before and after layering growth) (a), and influence of the inlet gas temperature on the wet

surface fraction (b), liquid viscosity (c), and the critical particle diameter (d) [Color figure can be viewed at wileyonlinelibrary.com]

inlet gas temperature of 50°C for the chosen simulation parameters,
only results for 50°C are given in Figure 9. Figure 9a shows that
smaller droplets and contact angles lead to an increased wet surface
fraction. A smaller droplet size leads to a decreased contact area
Acontact and droplet mass Mgop. Since Acontactxgzop and Mdropx'j;op, the
wet surface fraction increases for smaller droplets (cf. Equation 17).
At the same time, the evaporation rate (cf. Equation 31) is increased
since the wet surface fraction is higher, while the ratio between the
curved surface area Agop and the contact area Acontact is constant. As
a result, the mass of the liquid film phase is smaller, which would in
turn decrease the wet surface fraction. Eventually, the first effect pre-
vails and the wet surface fraction increases for smaller droplet sizes. A
smaller contact angle increases the contact area Acontact, While the
droplet mass stays constant, leading to a larger wet surface fraction
(cf. Equation 17). Therefore, the evaporation rate is increased as well.
At the same time, the ratio between the curved surface area Ag,op and
the contact area Acontact is reduced, which would decrease the evapo-
ration rate (cf. Equation 31). In this case, the influence of the wet sur-
face fraction prevails and the evaporation rate is increased. Similar to
the above discussed influence of the droplet size, this would lead to a
smaller mass of the liquid film phase and a smaller wet surface frac-
tion. Eventually, the influence of the contact angle on the wet surface
fraction through Equation 17 is predominant and the wet surface frac-

tion increases if the contact angle is smaller. Figure 9b shows the

behavior of the corresponding probability of wet collisions following
the trend of the wet surface fraction.

Figure 10 and Table 3 show the influence of the wetting
parameters (droplet size and contact angle) on the probability of
successful wet collisions and the probability of successful collisions
for low and high viscosity at an inlet gas temperature of 50°C. The
probability of successful wet collisions decreases for smaller drop-
let sizes and contact angles, see Figure 10a,b. In both cases the
droplet height is decreased (cf. Equation 20) leading to smaller
critical diameters (cf. Equation 5) and correspondingly smaller
values of Pojiwetsuc- In case of a low viscosity the probability of
successful wet collisions is small, while in case of a high viscosity
Pcollwet suc is significantly increased. Figure 10c,d shows the proba-
bility of successful collisions obtained by multiplying the probabil-
ity of wet collisions (see Figure 9(b)) and the probability of
successful wet collisions (see Figure 10a,b). Although the values of
the probability of wet collisions are relatively high, ranging
between 0.4 and 0.6, the probability of successful collisions is low
when a low viscosity is used due to a small probability of success-
ful wet collisions. Agglomeration is unlikely since Pojsuc is smaller
than 0.001 in all cases. For a high viscosity, the probability of suc-
cessful collisions is significantly larger due to the increased proba-
bility of successful wet collisions. Significant agglomeration is to

be expected since P.ojsuc is larger than 0.001 in all simulations,
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TABLE 3 Summarized influence of the inlet gas temperature,
droplet size, contact angle, and liquid viscosity on the probability of
wet collisions, probability of successful wet collisions, and the
probability of successful collisions

Tein T Xdrop | 01 ni
Peol, wet ! ! 1 -
Peol, wet, suc ! T 7 T
Peoltsuc ! T T T

especially for large droplet sizes and contact angles since up to
35% of all collisions are successful.

The above shown simulation results show that the inlet gas tem-
perature, liquid viscosity and the wetting parameters impact the prob-
ability of successful collisions and therefore the dominant size
enlargement mechanism. In order to link the probability of successful
collisions with the dominant size enlargement mechanism, classifica-

tion based on simulations and experimental data is presented in the

following.
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3.1

Classification of the dominant size

enlargement mechanism

In order to classify the dominant size enlargement mechanism based

on the probability of successful collisions, several simulations have

been performed corresponding to experimental investigations of
spray fluidized bed processes available in the literature. In these stud-
ies, one size enlargement mechanism is dominant, which is in each
case determined by the author of the respective study (e.g., by SEM
images, or measuring either the particle-size distribution or the
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fraction of agglomerated particles). In the simulation, the dominant
size enlargement mechanism is principally unknown. Therefore, parti-
cle growth is not considered in these simulations (i.e., the initial
particle-size distribution and particle density are kept constant). The
simulations are performed until the considered probabilities reach a
steady state. These values are used to characterize the conditions in
each simulation, which are then linked to the dominant size enlarge-
ment mechanism determined by the author of the study. Comments
on the selection of the simulation parameters of each study are given
below before presenting the results.

In this work, three studies focusing on spray fluidized bed
agglomeration performed by Hampel,®* Terrazas-Velarde,*? Jiménez

et al®®

and three studies dealing with layering growth performed by
Rieck et al*” and Saleh et al®*°° are considered. For each study, sev-
eral simulations were performed according to the experimental
parameters. The corresponding simulation parameters are shown in
Table 4. Hampel®* and Terrazas-Velarde®? both used non-porous glass
beads and porous y-Al,O3 particles, which were agglomerated using
an aqueous HPMC (hydroxypropyl-methylcellulose) solution. Jiménez
et al®® also used glass beads, which were agglomerated using an aque-
ous solution of acacia gum. The experiments were performed in a con-
ical fluidized bed with a diameter of 140 mm at the bottom and
225 mm at the top. Since the presented model is derived for cylindri-
cal fluidized bed chambers, a mean diameter of the chamber is used in
the simulation to obtain a similar flow regime (bed porosity). Jiménez
et al® report a relatively high bed porosity larger than 0.95, which is
also achieved in the simulation using a mean diameter of the fluidized

bed chamber. Rieck et al?’

deal with spray fluidized bed coating of
glass beads and y-Al,O3 particles using a sodium benzoate solution.
Saleh et al®*° focus on coating of sand particles by spraying a sodium
chloride solution. In both studies, the mass flow rate of the fluidization
gas was not directly given. Instead, the excess gas velocity was
reported, which was used to calculate the corresponding mass flow
rate with the given diameter of the fluidized bed chamber. Addition-
ally, the bed temperature was given instead of the inlet gas tempera-
ture. Therefore, we adjusted the inlet gas temperature in the
simulation to fit the bed temperature given by Saleh et al.>*5® The
moisture content of the inlet gas depends on how the fluidization gas
flow is generated. In case of Rieck et al,?’ Hampel,51 Terrazas-
Velarde,”? and Saleh et al®*°° pressurized air, which is usually dry, is
used. In these cases, 1 gkg™! is assumed. Jiménez et al>® do not
explain the generation of the gas flow, but according to Jiménez®® a
fan is used for fluidization by means of ambient air. In this case, we
assume a value of 9 g kg™ based on 20°C and a relative humidity
of 60%.

In each study, most of the necessary material parameters were
given along with the process parameters. However, some other
parameters were missing and had to be either assumed or taken from
other sources. References and estimation methods regarding the

material parameters are summarized below.

e The particle densities were in any case given by the authors in the

respective study.
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e The coefficient of restitution of glass beads and y-Al,O3 particles
are given by Terrazas-Velarde®® based on literature values. The
restitution coefficient of sand particles is taken from Derakhshani
etal®’

e Contact angles between aqueous HPMC and glass beads or
y-AlL, O3 particles are given by Terrazas-Velarde®? based on photo-
optical measurements. Values for the other systems (acacia gum-
glass, sodium benzoate-glass, sodium benzoate-y-Al,O3, sodium
chloride-sand) were not available in the literature. The measure-
ments performed by Terrazas-Velarde®? show that the influence of
the solid mass fraction on the contact angle is negligible. Based on
this observation and since all liquids used in the considered experi-
mental studies are water-based, we estimate the contact angle for
the systems acacia gum-glass, sodium benzoate-glass, and sodium
chloride-sand to be 40° and 60° in case of sodium benzoate-
y-Al,O3.

e The droplet sizes were given by the original authors in case of
Hampel,”* Terrazas-Velarde,”? and Saleh et al.>*>° Jiménez et al*®
report some values, but do not present detailed information. For a
reference experiment 35 um are given, which is used in each of the

corresponding simulations. In case of Rieck et al?”

the droplet size
was not given, but they were subsequently calculated using an
empirical correlation for externally mixing two-fluid nozzles

.58 Therefore, the surface ten-

reported by Lefebvre and McDonel
sion of the sodium benzoate solution was measured at 20°C (using
a Du Noly tensiometer) resulting in 60.74 mN m~t. The
corresponding droplet diameters are in the range of 60 pm, which
is the value used in the simulations.

e The height of surface asperities for glass and y-Al,O3 particles are
taken from Dernedde.*® In case of sand particles no values were
available. Therefore it is assumed that the surface structure of sand
and glass particles is similar and thus the same value is used.

e The specific heat capacity of the particles is taken from literature:
Kuchling®” (glass and sand), and Burgschweiger et al®” (y-Al,O5).

e The viscosity of agueous HPMC was taken from Dernedde*® and
the viscosity of aqueous sodium chloride was taken from Zhang
and Han.>? The viscosity of the acacia gum solution was directly
given by Jiménez et al.>® Since the temperature dependency of the
above mentioned viscosities is unknown, constant values were
used. In case of Rieck et al,?” the above mentioned correlation
based on measured viscosities (see Equation 47) was used.

e The density of the sprayed solid was directly given by Hampel,>!
Terrazas-Velarde,>? and Rieck et al?” in case of HPMC and sodium
benzoate, respectively. The values for acacia gum and sodium chlo-
ride are taken from safety data sheets.6%¢?

e The measured particle-size distributions were available in case of
Rieck et al,%” Hampel,”* Saleh et al** in the form of either files or
tables. In case of Terrazas-Velarde,°? plots of the measured
particle-size distributions of the glass beads and y-Al,O3 particles
were given. Normal distributions were then created in the simula-
tion to visually fit the plots of the distributions. In case of Jiménez
et al,>® Saleh et al®® no plots or data were available other than the

mean diameter. In these cases a normal distribution was used as
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TABLE 4

Parameter

Particle material

Sprayed solid material

Sprayed liquid material
Dominant mechanism

Bed diameter Xpeq

Bed mass M,,

Spraying rate Mgpray

Mass flow rate of
the fluidization
gas Mg

Inlet temperature
of the fluidization
gas Tg in

Inlet moisture
content of the
fluidization gas Y,

Mass-transfer
coefficient g

Particle density ¢p

Solid density ¢s

Coefficient of
restitution e

Height of asperities h,

Droplet diameter Xqrop

Contact angle 6

Collision velocity v

Solution viscosity 5

Solid mass fraction wg

Specific heat
capacity
particles c,

Particle
diameter x

Number of
simulations
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Hampel®!

Alumina (A)
Glass (G)

HPMC

Water
Agglomeration
0.15

0.5 (A)

0.85 (G)
0.2-0.3
20-30

50-100

0.002-0.004 (A)

0.003-0.004 (G)
1,040 (A)

2,500 (G)

1,390

0.6 (A)

0.8 (G)

5(A)

1(G)

40

60 (A)

40 (G)
0.16-0.24 (A)
0.13-0.19 (G)
5.98 (2%)

21.44 (4%)
61.86 (6%)
2-6

944 (A)

729 (G)
150 (A)

120 (G)
22

Terrazas-Velarde®?

Alumina (A)
Glass (G)

HPMC

Water
Agglomeration
0.15

0.3 (A)

0.5 (G)
0.1-0.5

58 (A)

70-110 (G)
30-80

0.020 (A)

0.027-0.038 (G)
1,400 (A)

2,500 (G)

1,390

0.6 (A)

0.8 (G)

5(A)

1(G)

80

60 (A)

40 (G)

1.17 (A)
1.53-2.26 (G)
21.44 (4%)

147.11 (8%)
383.90 (10%)
4-10

944 (A)

729 (G)

360 (A)

400 (G)
14

Abbreviation: HPMC, hydroxypropyl-methylcellulose.

Jiménez et al*®

Glass

Acacia gum
Water
Agglomeration
0.184
0.25-0.75

0.172-0.502
160

60-80

0.023-0.054

2,450

1,400
0.8

35
40

0.88

43 (20%)
200 (30%)

20-30
729

160

Rieck et al?”

Alumina (A)
Glass (G)

NaB
Water
Layering
0.15

0.5 (A)
1(G)
0.5-1.28
75 (A)

120 (G)
50-95

0.023-0.026 (A)

0.032-0.037 (G)
1,280 (A)

2,500 (G)

1,440

0.6 (A)

0.8 (G)
5(A)
1(G)
60

60 (A)
40 (G)
2.16 (A)
2.82 (G)

4.18 (20°C;
Equation (47) used)

30
944 (A)

729 (G)
610 (A)

530 (G)

Saleh et al**

Sand

NaCl
Water
Layering
0.1
1.25-2.53

0.274-0.598
11

185-255

0.002-0.003

2,630

2,170
0.9

15-60
40

0.23

1.05 (10%)

1.26 (20%)
1.40 (25%)
10-25
840

229

Saleh et al®®

Sand

NaCl
Water
Layering
0.1

2

0.46
10-17.5

100-145

0.002-0.005

2,630

2,170
0.9

20
40

0.28-1.20

20
840

267-639

Simulation parameters for each experimental study used to derive the classification of the dominant size enlargement mechanism

Unit

ke

kg h~t
kgh™t

°C

kg m~

kg m

pm

mPas

%
Jkg K1

pm
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well, where the standard deviation was set to 10% of the mean
diameter.

e The collision velocity was calculated for each simulation using the
method proposed by Dernedde®® as described above. In a study
presented by Rieck et al,*’ the collision velocities calculated with
this method were in the same range as values which had experi-

|62

mentally been obtained by lJiang et al®°s using particle tracking

velocimetry.

The results are shown in Figure 11. The coordinate axes repre-
sent the probability of wet collisions and the probability of successful
wet collisions, respectively. Contour lines indicate the level of the
probability of successful collisions. As described above, for each simu-
lation the steady-state values of the mentioned probabilities are cal-
culated. This allows to draw one data point for each simulation into
the plot. It can be seen that the simulations corresponding to the
experiments in which layering is dominant are located on the left side
of the plot, where the probability of successful wet collisions is low. In
fact, the values in these simulations equal O in any case, while the
steady-state probability of wet collisions ranges between 0.00016
and 0.3. The simulations corresponding to the experiments in which
agglomeration is dominant, are located on the right side of the plot at
a high probability of successful wet collisions. These values range
between 0.92 (one point) and 1, while the probability of wet collisions
ranges between 0.0014 and 0.42. Exceptions are three data points
which belong to agglomeration experiments performed by Terrazas-
Velarde.>2 These are placed on the left side of the plot due to low
probability of successful wet collisions predicted by the simulation. In
the corresponding experiments, the lowest amount of HPMC (4%)
was used, which leads to a relatively low viscosity. Terrazas-Velarde®?
reports, that during experiments using a solid mass fraction of 4% an
initial nongrowth period was observed due to nonfulfilled Stokes cri-
terion. Therefore, agglomeration should not be possible, which would
agree with the findings in this work. However, during drying of the
droplets, a significant increase in viscosity is observed (up to values in
the range of 10 Pa s), eventually leading to a fulfilled Stokes criterion
and therefore agglomeration. Since at this stage the initial liquid prop-
erties are used and changing liquid properties during drying are not

taken into account, the presented model cannot predict the dominant
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size enlargement mechanism for these experiments. Nevertheless, the
data shown in Figure 11 allows to classify the dominant size enlarge-
ment mechanism based on the probability of successful collisions. The
simulation study indicates that the border between layering and
agglomeration can be characterized by Pcgsuc = 0.001. This means
that for agglomeration to become dominant, the probability of suc-
cessful collisions does not need to be high (i.e., in the range of 0.5 or
higher). Instead, exceeding a rather small value of 0.001 is enough to
shift the dominant size enlargement mechanism toward agglomera-
tion. Consequently, layering will be dominant when the probability of
successful collisions is lower than 0.001. Based on this classification,
the agglomeration regime and the layering regime are represented by
the gray and white areas in Figure 11, respectively. Additionally, a
sensitivity analysis to the collision velocity has been performed. All
simulations shown in Figure 11 were repeated twice with a small colli-
sion velocity (reduced by 50% compared to the original value) and a
high collision velocity (increased by 50% compared to the original
value). Although the collision velocity was varied in this relatively wide
range, the border between layering and agglomeration may still be
described by Pcojisuc = 0.001 in both cases.

3.2 | Regime maps

Based on the classification shown above, it is also possible to create
regime maps showing the influence of actual process parameters
rather than probabilities on the dominant size enlargement mecha-
nism. In this study, two regime maps, each based on 3,000 simula-
tions, were created using the same parameters as in the previously
shown simulation study, see Tables 1 and 2. The parameters of the
reference case are used here, while the inlet gas temperature is
varied between 40 and 100°C (Figure 12a) and the spraying rate is
varied between 0 kg h™* and 1.2 kg h™* (Figure 12b). The viscosity
is varied as well using a constant factor between 1 and 10. The con-
tour lines in Figure 12 represent the different levels of the probabil-
ity of successful collisions. Gray and white areas illustrate the
agglomeration and layering regimes. The results show, as expected,
that agglomeration becomes dominant for low temperatures and

high viscosities as well as high spraying rates and high viscosities.
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The influence of the wetting parameters can also be shown using
regime maps. Figure 13 shows the border between the size enlarge-
ment mechanisms (defined by P.ojsuc = 0.001) for different droplet
sizes and contact angles. The simulation parameters are identical to
the ones shown in Tables 1 and 2. The regime map is drawn for two
droplet sizes (25 and 100 pm) and contact angles (20° and 60°). As
discussed above, large droplet sizes and contact angles favor agglom-
eration, which can be seen in Figure 13 as well since the area rep-

resenting dominant agglomeration is larger in these cases.

4 | CONCLUSION AND OUTLOOK

The presented work deals with estimating the dominant size enlarge-
ment mechanism in spray fluidized bed processes. Therefore, a process
model for spray fluidized bed layering based on population balances and

a heat- and mass-transfer model was developed. New methods to
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Influence of droplet size (a) and contact angle (b) on the size of the agglomeration and layering regime

calculate the wet surface fraction based on the droplet geometry and to
incorporate the Stokes criterion into the model are presented, allowing
the calculation of the probability of wet collisions and the probability of
successful wet collisions, respectively. As a result, the probability of suc-
cessful collisions can be obtained, which may then be used to estimate
the dominant size enlargement mechanism occurring as a result of pro-
cess and material parameters. A simulation study was performed to
investigate the influence of the inlet gas temperature and wetting
parameters (droplet size and contact angle) on the mentioned probabili-
ties. The study shows that the probability of wet collisions decreases for
higher inlet gas temperatures and larger droplet sizes and contact angles,
while the probability of successful wet collisions decreases for higher
inlet gas temperatures as well, but increases for larger droplet sizes and
contact angles. In total, the probability of successful collisions, and
therefore the agglomeration tendency, decreases when the inlet gas
temperature is high and increases for large droplet sizes and contact

angles. Simulations based on experimental work published in the
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literature were performed enabling a classification of the dominant size
enlargement mechanism based on the calculated probability of success-
ful collisions. The results indicate that exceeding a probability of suc-
cessful collisions of 0.001 is sufficient for agglomeration to become
dominant. Consequently, layering will be dominant when the probability
of successful collisions is smaller than 0.001. The proposed classification
allows for the creation of regime maps, which clearly present the influ-
ence of process and material parameters on the border between the
two size enlargement mechanisms. The presented model may be used
without the population balance model (without growth, constant parti-
cle distribution) to estimate the dominant size enlargement mechanism
occurring when a liquid is sprayed on a particle bed with certain process
and material parameters. If the population balance model is taken into
account (with growth, transient particle distribution), the dominant size
enlargement mechanism can be estimated during a layering process.
Future work should focus on extending the model by taking into
account changing droplet properties (i.e., geometry and viscosity) during
drying. It was shown that considering only the initial droplet properties
may lead to predicting the wrong size enlargement mechanism if the
droplet properties change strongly. This can be implemented using
another population balance to consider the residence time distribution
of droplets. Then, changes in droplet properties can be calculated from
the residence time of the droplet. The population balance model should
be extended to account for simultaneous layering and agglomeration by
incorporating the probability of successful collisions into the aggregation
kernel. Further extensions may be implemented to improve the predic-
tive ability of the model such as taking into account different zones in
the fluidized bed chamber (e.g., spraying and drying zones), droplet size

distributions, and imbibition of liquid droplets into porous particles.
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