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HIGHLIGHTS

+ A novel fluidized bed granulator geom-
etry was investigated by means of CFD-
DEM simulations.

Locally resolved droplet deposition rate
as well as droplet fates were analyzed.
Reactor geometry significantly influences
liquid distribution.

Detailed information of the deposition
can help to detect local overwetting.
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ABSTRACT

In this work, CFD-DEM simulations of two different fluidized bed granulator geometries were performed,
aiming to provide an insight into how the injected liquid behaves within the particle bed and thus an overall
better understanding of the granulation process itself. Simulation results were evaluated regarding the fate
of sprayed droplets, e.g. deposition on a particle, elutriation from fluidized bed, or collision with apparatus
walls. For the deposited droplets, the particle-droplet collisions were tracked in order to obtain a locally
resolved deposition rate. Spray parameters as well as geometric specifications of the nozzle setup were varied,
investigating a broad range of different process conditions. By optimizing apparatus design, especially the air
inlet, an even distribution of the liquid droplets within the fluidized bed and overall higher deposition rate
can be achieved and a stable steady state with a well-defined spray zone is reached within a broad range of
varied spray parameters.

* Corresponding authors.

E-mail addresses: maike.orth@tuhh.de (M. Orth), aitor.achutegui@tuhh.de (A. Atxutegi).
1 Both authors contributed equally to this paper.

https://doi.org/10.1016/j.powtec.2024.120299

Received 23 July 2024; Received in revised form 11 September 2024; Accepted 16 September 2024

Available online 19 September 2024

0032-5910/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://www.journals.elsevier.com/powder-technology
https://www.journals.elsevier.com/powder-technology
mailto:maike.orth@tuhh.de
mailto:aitor.achutegui@tuhh.de
https://doi.org/10.1016/j.powtec.2024.120299
https://doi.org/10.1016/j.powtec.2024.120299
http://creativecommons.org/licenses/by/4.0/

M. Orth et al.
1. Introduction
1.1. Fluidized bed spray granulation

Fluidized bed spray granulation is an important and widespread
technology for the production of high-quality particulate solids. The
process has been applied for more than 60 years and ever since the
fields of application have expanded considerably [1]. Nowadays, spray
granulation is applied in various industries, including pharmaceutical,
chemical, and food industry, to produce a broad variety of products.
For some of these products, such as pharmaceuticals, the fluidized
bed process and the excellent mixing associated with it are used to
obtain granules with a precise and evenly distributed dose of an active
ingredient. For instant food powders, a fast and complete reconstitution
is often desirable in addition to a dust-free and free-flowing behavior
while handling the particles [2,3].

Granulation generally refers to size enlargement processes based on
different growth mechanisms. In wet granulation, particle growth is
induced by the injection of a liquid and subsequent layering or bridge
formation. Specific to the field of application, the term granulation is
used for both mechanisms. For a clear distinction, coating and agglom-
eration can be distinguished [4,5]. In coating, the liquid droplets are
deposited on the particles, spreading of the surface before being dried
by the hot fluidization gas and thus forming a solid layer around the
core particle [6]. In contrast, agglomeration describes the formation of
stable particle clusters from primary particles and if necessary a binder.
When two wet particles collide, a liquid bridge is formed, which binds
the particles together due to viscous and capillary forces. By subse-
quent drying, a solid bridge is created. Due to repeated wet particle
collisions and bridge formation, agglomerates grow further [5]. In this
work, fluidized bed agglomeration is the particle growth mechanism of
interest.

Structure and further desired agglomerate properties can be influ-
enced by the materials used as well as the design of the process and
equipment. These influences were investigated in several experimental
studies, such as those by Hemati et al. [7], Pont et al. [8], and Rajniak
et al. [9], who analyze the effect of spray solution properties on agglom-
erate growth. Further works, e.g. by Bouffard et al. [10], Dadkhah and
Tsotsas [11], Lipps and Sakr [12], Saleh et al. [13], and Vengateson and
Mohan [14], are concerned with the influence of process parameters on
the agglomeration process and the characteristics of the final product.

1.2. Types of equipment

Nozzles with the purpose of injecting a liquid into a fluidized bed
can be installed in different positions, including top-spray, bottom-
spray, and tangential-spray. The top-spray configuration, where the
nozzle is positioned above the particle bed spraying downwards, is
the most commonly used setup. While the large particle bed surface
available to the spray promotes the deposition of droplets on the
fluidized particles, the strongly fluctuating flight distance and time of
the droplets increase the risk of a droplet evaporating before it collides
with a particle [15-17]. In addition, the distribution of liquid between
the individual particles might not be completely uniform.

In bottom-spray configuration, the nozzle is installed at the bottom
of the fluidized bed, most commonly at the center of the distributor
plate, and covered by particles. The nozzle is directed upwards, so that
liquid is sprayed co-current to the fluidization air. Compared to top-
spray, the droplet flight times and distances are significantly shorter,
reducing the risk of spray drying the droplets. However, wetting might
again be inhomogeneous due to the random particle motion within
the fluidized bed, which can cause overwetting and subsequent lump
formation or even bed collapse [15].

In order to ameliorate the liquid distribution in bottom-spray pro-
cesses, the equipment can be modified by installing additional com-
ponents or changing nozzle direction and position within the bottom
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of the bed. A setup that is commonly used for coating of pharma-
ceuticals is a Wurster coater, which consists of a vertical draft tube
placed centrally above the distributor and a modified distributor with
larger orifices in the area underneath the tube [15,18,19]. Due to the
enhanced gas velocity at the center, a structured, circulating particle
motion is created and the fluidized bed is separated into a wetting
and a drying zone. Further alternative setups consist of several inclined
nozzles installed in bottom-spray configuration, such as the geometry
investigated in this study, as explained in Section 2 in more detail.

1.3. Numerical investigations

As mentioned above, several experimental studies have shown that
process setup and conditions significantly influence agglomerate prop-
erties and quality. However, it remains challenging to obtain insights
into the microscopic processes occurring within the fluidized bed such
as how particles move within the bed, where particle-droplet collisions
take place, and how efficient the injected liquid is used in agglomerate
formation. Furthermore, there is a lack of works investigating the
effects of equipment modifications on the agglomeration process since
changes in the reactor geometry are often work- and cost-intensive. The
design of fluidized bed equipment as well as the agglomeration process
itself are still often developed empirically and are based on experience
rather than a comprehensive understanding of the physical and chem-
ical phenomena happening within the three-phase process [15,20,21].
Therefore, difficulties in predicting process behavior for new materials
and scales, while keeping good product quality, arise [5]. To overcome
both of these challenges, investigating micro processes and varying
equipment geometry in a simulation environment provides a powerful
tool for the analysis of fluidized bed agglomeration.

Cameron et al. [22] offer an extensive review on the modeling
of wet agglomeration processes, such as fluidized bed agglomeration,
which highlights population balances as the most used simulation
approach. However, the growing need for micro-scale investigations,
realized by approaches such as a coupling of computational fluid
dynamics (CFD) and the discrete element method (DEM), is also men-
tioned. A more recent review by Singh et al. [23] discusses simula-
tion of pharmaceutical granulation processes by population balance
modeling, data-driven models, and DEM. In general, CFD-DEM is a
Euler-Lagrange approach, in which the fluid phase is described as
a continuous phase by solving the Navier-Stokes equations and the
particles are tracked individually by solving Newton’s equations of
motion [24]. Possibilities and limits of this simulation approach in
the context of process engineering were summarized by Kieckhefen
et al. [25].

Different approaches have been used to integrate a liquid phase into
CFD-DEM simulations. Goldschmidt et al. [26] included liquid droplets
in form of additional discrete elements to simulate particle growth
due to interaction between particles and droplets. Simplifications made
in this study include the assumption of a two-dimensional fluidized
bed as well as the limitation to 50,000 initial particles and large
droplet diameters. Link et al. [27] investigated a simplified pseudo-
two-dimensional spouted bed with droplet injection, where mass and
momentum of a droplet are directly transferred to the particle after a
collision. The model was later extended by van Buijtenen et al. [28] and
Sutkar et al. [29]. Kafui and Thornton [30] described the agglomeration
process by including a contact model based on surface energy into
their CFD-DEM simulations. Fries et al. [31] developed a model for
a fluidized bed granulator by combining gas and particle dynamics
with a particle wetting model that calculates the residence time of the
particles in a conical spray zone to estimate the homogeneity of the
liquid distribution based on the droplet deposition analysis [27]. The
model was applied to a top-spray fluidized bed and a Wurster coater.
In follow-up studies, CFD-DEM simulations including this model were
used to monitor the moisture content and temperature of individual
particles as well as the temperature and humidity of the fluidization
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gas [32] and to calculate agglomeration probability, breakage, and
growth rate [33]. However, no individual droplets were tracked in
these studies. Borner et al. [34] applied a scaling approach based
on similarity models to investigate residence time distribution in the
spray and drying zone of a top-spray fluidized bed. In order to predict
product properties from simulations, Kieckhefen [35] implemented a
full-physics CFD-DEM solver to simulate fluidized bed spray granula-
tion, which is capable of describing particle wetting due to the flow of
droplets in the gas phase.

Liquid injection and distribution are among the most critical pa-
rameters in fluidized bed agglomeration, since an effective and uniform
wetting of particles is essential to process efficiency and product qual-
ity. Over the last few years, continuous progress has been made in the
application of the coupled CFD-DEM approach to physically accurately
describe fluidized bed processes with liquid injection, as more aspects
relevant to different applications are considered. However, the exact
locations, where droplet deposition occurs in the particle bed, and how
this is affected by spray parameters is yet to be investigated. Therefore,
this study aims to further ameliorate the understanding of fluidized bed
spray agglomeration by analyzing the local droplet deposition.

A novel fluidized bed geometry with a tangential gas inlet and
two inclined nozzles in bottom-spray configuration was investigated by
means of unresolved CFD-DEM simulations using the solver developed
in [35]. To evaluate the liquid distribution, the droplet deposition
throughout the particle bed was tracked. Since generally, various pro-
cess conditions might be applied in agglomeration, depending on ap-
plication and materials used, spray parameters were varied to analyze
their influence on the droplet distribution. Furthermore, the simulation
allows to easily test equipment modifications. Thus, the position of the
bottom-spray nozzles relative to the gas inlet as well as the inclination
angle of the nozzle were changed to find the optimal setup for efficient
liquid injection. Lastly, a comparison between the newly developed
geometry and a commercially available fluidized bed reactor with a
central gas inlet was made.

2. Fluidized bed setup

Two different laboratory scale fluidized bed setups were considered
in this study, the commercially available Solidlab 2 (Syntegon Tech-
nology, Germany) and a prototype developed at Syntegon Technology
(Germany). Both reactor geometries are shown in Fig. 1. The Solidlab 2
consists of a cylindrical process and expansion chamber with a diameter
of 300 mm. After passing a 90° bend, the fluidization gas is entering the
reactor through an inlet pipe with a diameter of 81 mm placed centrally
below the distributor plate.

The Diskjet distributor is a stainless steel plate with gaps of 0.2 mm
width and 10 - 40 mm length in radial direction, through which the
gas flows into the particle bed. Due to a 45° inclination of the gaps,
the gas exits the distributor plate in an oblique direction ensuring
a homogeneous fluidization of particles. A cone with a diameter of
80 mm and height of 90 mm is positioned in the center of the plate. Two
nozzles are placed in bottom spray configuration at 160 mm distance
from one another. Both nozzles are inclined at 40° to the distributor
pointing in opposite directions. Each nozzle is a three-fluid nozzle with
one liquid opening and two gas slits, one for the spray gas to atomize
the liquid and one for a protection gas to ensure the nozzle tip stays free
of solid particles, respectively. While several different liquid inserts and
air caps are available to vary the orifice size through which the phases
are flowing out of the nozzle, in this study only a liquid insert with
orifice size of 1.2 mm and an air cap with an inner diameter of 2.3 mm
were considered.

In contrast to the Solidlab 2 setup, the prototype geometry is com-
posed of a conical process chamber and a cylindrical expansion region.
At the gas inlet the diameter is 300 mm which expands to 350 mm at
the top of the reactor. As distributor plate, the Diskjet is used as well
in the prototype. To support the effect of the inclined gaps on the gas
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Table 1
Mesh properties for CFD simulation.
Geometry Minimum cell Maximum cell Number
volume volume of cells
Prototype 1.5-107" m? 721077 m? 331238
Solidlab 2 4.1-1075 m? 12-107° m? 133113

flow, a flat wind box with a tangential air inlet is installed below the
distributor. Three different versions of the wind box were 3D printed
to allow the variation of the inclination angle of the two bottom spray
nozzles between 40, 50, and 60°.

3. Numerical simulations

To carry out simulations, the open source CFD software Open-
FOAM [36] and the DEM tool LIGGGHTS [37] were coupled using
CFDEMCcoupling [38].

To avoid the simulation of the complex gas inlet and distributor
plate, CFD simulations of the full prototype reactor geometry were
conducted first to calculate the gas flow field in the wind box and
through the distributor. In these simulations, the distributor was mod-
eled as a explicitPorositySource to match the pressure drop measured in
the experimental equipment as well as the direction, in which the gas
passes through the gaps of the Diskjet. For the CFD-DEM simulations, a
simplified geometry including only the area accessible for particles was
used as depicted in Fig. 2. The velocity field just above the distributor
plate obtained from the CFD simulation was then mapped on this
volume as inlet condition. For both geometries, the minimum and
maximum mesh cell size as well as the total number of cells is given in
Table 1.

For the description of the gas phase, the Navier-Stokes equations
are solved using the cfdemSolverEvap developed in [35]:

0(asuy) ar 1 ar
T+V-(afufuf)_—ZVp—ERpf+V-<;T>, 1)
da

a—lf +V - (apuy) =0, @

with the volume fraction of the fluid «;, the fluid density p;, the
fluid velocity ug, and the pressure p. 7 is the stress tensor, which can be
calculated from the fluid velocity and viscosity and R, describes the
momentum exchange between fluid and solid phase. The momentum
exchange term consists of a momentum exchange coefficient K, as
well as the fluid and averaged particle velocity. This coefficient con-
tains the drag forces within a certain cell volume and is calculated using
a drag model. In this work, the correlation by Beetstra et al. [39] was
utilized. To calibrate the drag model, the minimum fluidization velocity
of the bed material was experimentally determined via pressure drop
measurements in a cylindrical fluidized bed and afterwards compared
to simulations of the cylindrical setup.

On the DEM side, the Newtonian equations of motions are solved to
determine particle dynamics:

m;X; = z F, ®
Loy =Y M, 4)

where m; is the particle mass, x; is the particle position, F; are the
forces acting on particle i, I; is the moment of inertia, w; is the angular
velocity, and M; are the torques. The Hertz-Mindlin model was used
to calculate contact forces [40]. Static and rolling friction coefficients
for particle-particle and particle-wall contacts were calibrated based
on shear cell as well as static and dynamic angle of repose experiments
as proposed in [41].

In this study, these calibration experiments were carried out with
lactose granules that are considered as a model material for a phar-
maceutical agglomeration process. Furthermore, the mean size and
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Fig. 2. Reactor volume for CFD-DEM simulations and division into segments for analysis of liquid distribution: (a) prototype, (b) Solidlab 2. Nozzles are highlighted in blue color.
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Table 2

Material properties and model parameters used in simulations.
Parameter Symbol Value Unit
CFD time step Atepp 2107 s
DEM time step Aty 1073 s
Scaling factor 1 9.5 -
Number of particles N, 618915 -
Particle diameter d, 500 — 2000 pm
Particle density 2 1551 kg/m?
Young’s modulus
- Particle Y, 2.5-10° Pa
- Wall Y, 107 Pa
Poisson ratio v 0.25 -
Restitution coefficient
- Particle—particle [ 0.1 -
- Particle-wall [ 0.1 -
Friction coefficient
- Particle—particle Hirpp 0.75 -
- Particle-wall Hirp-w 0.8 -
Rolling friction coefficient
- Particle—particle Hrfro—p 0.825 -
- Particle-wall 7R — 0.8 -
Bed mass Mpoq 3 kg
Droplet diameter [ F— 1-280 pm

particle density were determined to be 160 pm and 1551.4 + 9.9 kg/m?>.
However, when using this particle size as reference, the number of
particles in the considered fluidized beds would pose a challenge in
terms of computational power. Therefore, in order to reduce compu-
tational cost, a coarse-graining approach was utilized. Coarse-graining
reduces the number of tracked particles by combining several particles
into parcels, which are enlarged by a factor §:

d

parcel

dp

5= 5)
The number of particles is thereby decreased by &° allowing for a

bigger time step to be used in simulations. In this work, the coarse-

graining approach according to Bierwisch et al. [42] was utilized.

As fluidization gas, air is assumed to enter the reactor at 80 °C. The
injected liquid is modeled as Lagrangian parcels, which consist of sev-
eral droplets. Once a particle-droplet collision occurs, the particle mass
is recalculated and the interaction with other particles is adapted in
dependence of the amount of water on the particle surface. As described
in [43], droplet deposition was modeled using the filter correlation
proposed by Kolakaluri [44] and the wetting of the particle surface
was modeled according to Kariuki et al. [45]. Droplets that collide
with apparatus walls are removed from the system. Water at 20 °C
was assumed as spray medium with a Rosin-Rammler droplet size
distribution. Injection position was matched to the tip of the nozzles
and initial velocity was based on the spray air velocity during each
run, respectively. Table 2 sums up the calibrated model parameters as
well as the liquid and solid phase properties used for the simulations
in this study.

3.1. Evaluation of liquid distribution

To analyze and quantify the distribution of the injected liquid within
the fluidized bed, the injected droplets were tracked. For simplification,
evaporation of droplets is not considered and every droplet that collides
with a particle or the wall is assumed to be deposited there. Thus,
rebound of droplets is neglected. The mass of liquid deposited on the
particles in each cell is recorded as the deposition rate each second.
Since the deposition rate in each individual cell is rather low, the
simulated reactor volume is divided into twelve regions as shown in
Fig. 2. In addition to the deposition rate field, the deposition rates over
the whole volume of each of these regions was evaluated.

To additionally evaluate how efficiently the injected liquid was
wetting the particles compared to the total injected fluid amount, the
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percentage of deposited and elutriated droplets as well as droplets
colliding with the apparatus walls from the total injected liquid mass
was calculated.

As reference case, a simulation of the prototype with 40° nozzle in-
clination and 0° nozzle position rotation is used. As process parameters,
a spray rate of 80 g/min, spray air pressure of 1.75 bar, protection air
pressure of 0.2 bar, and fluidization air flow of 130 m3/h were set. In
Fig. 3 the cumulative deposition rate throughout segments 1 and 2 of
the fluidized bed at the end of the simulation time is visualized. To
be able to see the deposition rates in the particle bed more clearly,
slices of the field at 0.025 m vertical distance from one another are
depicted up to a height of 0.2 m above the distributor. Furthermore, a
threshold of 0.01 kg m? /s m?,., . was applied to highlight the areas
in which increased deposition occurs. To visualize the deposition rate
field independently of the cell size, the deposited mass per second was
multiplied by the cell volume and divided by the whole reactor volume.

In general, most particle-droplet collisions occur near the nozzle,
where the droplets enter the particle bed. From this point, the spray
zone expands in the direction, in which the nozzle is pointing. More-
over, a slight rotational shift of the deposition zone over the height
of the prototype is visible, which is caused by the fluidization air
flow that influences the droplets in addition to the nozzle air streams.
Based on this depiction, the zone in which deposition occurs seems
to be mostly similar in size and shape for both nozzles, indicating an
overall even distribution of the injected liquid in the fluidized bed.
However, slightly different expansions of the spray zone can be seen
in both segments. While in segment 1, near the air inlet, the deposition
rate is slightly further spread in vertical direction, in segment 2, the
deposition rate is spread over a wider area in the horizontal plane. Due
to the proximity of the first compartment to the fluidization air inlet,
slightly higher gas velocities in this region might cause a longer flying
distance of droplets before a collision with a particle occurs. For a better
quantitative understanding of the liquid distribution, the deposition
rate in the four lower segments (1 — 4 in Fig. 2) of the geometry is
shown in Fig. 4.

Once liquid injection is started, the deposition rate in zones 1
and 2 quickly reaches a steady state at approximately 0.0045 kg/s.
However, it has to be noted that this steady state only applies to the
deposition rate and not necessarily other parameters, such as mixing of
the phases in the fluidized bed. Both curves develop similarly over time
and stay constant at about the same value confirming the overall even
distribution of droplets as already assumed based on the visualization
of the deposition rate field. Furthermore, this shows that the different
expansion of the spray zone in front of both nozzles, as seen in Fig. 3,
is minor. When taking the whole compartment into account, the spray
distribution is nearly symmetrical. In the areas labeled 3 and 4 in
Fig. 2 the deposition rate is significantly smaller with all values being
below 5 - 107> kg/s. Due to these small values the curves appear to
be nearly overlapping in the diagram. Over the height of the reactor,
the deposition rates decrease rapidly eventually reaching values below
10~¢ kg/s in the upper half of the reactor. Consequently, at a bed mass
of 3 kg, wetting of the particles predominantly happens in segments 1
and 2. Therefore, the discussion of the parameter study and geometric
variations will be focused on the deposition rate in these segments.
Overall, more than 90% of the injected droplets are deposited onto
particles, thus being available for liquid bridging, less then 1% collide
with the apparatus walls, and approximately 7% of the droplets are
elutriated (see Section 3.2). In reality, those droplets would most likely
be spray dried by the hot air stream and afterwards caught by the filters
and returned into the fluidized bed as dust particles.

In addition to the deposition rate field shown in Fig. 3, Fig. 5 depicts
several properties of the different phases at three different time points
during simulation (2 s, 5 s, and 10 s after start). Near the nozzles, the air
temperature is the lowest due to the colder air streams flowing through
the nozzles in comparison to the fluidization air. This lower tempera-
ture zone is expanded throughout an overall stable volume with slight
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Fig. 3. Deposition rate after 10 s simulation time in prototype for reference case: (a) front view in X-Y plane, (b) top view in X-Z plane.
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Fig. 4. Deposition rate over time in prototype for reference case in different segments
of the reactor.

fluctuations. In Fig. 5b, the fluidization behavior of the particle bed can
be observed based on the vertical velocity component of the particles.
Lastly, the spray cone of the two nozzles and droplet size can be tracked
in Fig. 5c. Due to the nature of the initial size distribution of the
injected droplets, more droplets with a lower diameter can be observed.

3.2. Variation of process parameters

In order to analyze the liquid distribution at varied process con-
ditions, four parameters connected to spray and fluidization behavior
were changed: the liquid spray rate, the spray air pressure, the protec-
tion air pressure, and the fluidization air volume flow. Limits were cho-
sen based on experimental studies to represent realistically applicable
agglomeration conditions, yet cover a wide range for each parameter. A
one-factor-at-a-time approach was used to keep the number of simula-
tions and thus computational effort reasonable. The simulated process
parameters are shown in Table 3. The standard nozzle inclination
and position rotation chosen for the parameter study are 40° and 0°,
respectively. Both nozzle air pressures are given as gauge pressures.

Table 4 provides an overview of the droplet fates after 10 s of
simulated time at varied process parameters. As should be expected for
an agglomeration process, most injected droplets, in most of the cases
more than 90% are deposited on particles. At every simulated operating
point, the fractions of droplets colliding with the apparatus wall is
below 0.1%, showing that material loss due to wall deposition does

Table 3

Process parameters used in CFD-DEM simulations.
Parameter Values Unit
Liquid spray rate 40; 80; 120 g/min
Spray air pressure 0.5; 1.75; 3.0 bar
Protection air pressure 0.1; 0.2; 0.3 bar
Fluidization air volume flow 130; 200 m?/h

Table 4
Fraction of deposited, elutriated, and wall droplets in prototype at different process
parameters in comparison to reference case.

Deposited  Elutriated  Droplets on

droplets droplets wall
Reference case 93.2% 6.8% 52 105%
Liquid sprav rate 40 g/min 93.2% 6.8% 5.2 - 107%
quic spray 120 g/min  94.1% 5.9% 9.1 - 10°%
Spray air pressure 0.5 bar 92.0% 8.0% 3.6 - 1073%
pay 8 p 3.0 bar 93.4% 6.6% 3.6 - 107%
Protection air pressure 0.1 bar 93.0% 7.0% 44+ 107%
P 0.3 bar 93.3% 6.7% 3.7 - 1073%
Fluidization air volume flow 200 m’/h  84.5% 15.2% 3.3-107'%

not occur significantly in the prototype geometry over a broad range of
process conditions. Still, it can be seen that more wall collisions occur
at enhanced air pressures at the nozzles. Due to the inclination of the
nozzles and the higher air velocities at the nozzle tip at these pressures,
the droplets are accelerated faster towards the wall. A significant part
of droplets, ranging between 6 and 12%, is elutriated from the system.
Especially at high fluidization air flow, droplet elutriation is enhanced
due to higher bed porosity and higher droplet acceleration.

For a more detailed analysis of the deposited droplets, Fig. 6 pro-
vides an overview of the deposition rates using the same settings as
in Fig. 3. All fields were captured after 10 s simulation time (9 s
after start of liquid injection) and depict the deposition rate in this
time step. As expected, the deposition rate changes with varied spray
and fluidization parameters. Out of the parameters investigated in this
study, the spray rate has the most significant impact. When increasing
the spray rate, the additional liquid injected per time step increases the
deposition rate, which is the amount of droplets colliding with particles
per second. The percentages of deposited, wall sticking, and elutriated
droplets, however, are similar for all spray rates.

In Fig. 7, the deposition rate over time in the bottom segments
(labeled 1 and 2 in Fig. 2) is shown for a spray rate of 40 g/min,
80 g/min, and 120 g/min and otherwise intermediate values of the
remaining process parameters. Especially for the lower spray rate, the
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Fig. 5. Different phase properties over time in reference case: (a) air temperature, (b) vertical particle velocity, (c) droplet diameter (particles are shown in gray).
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Fig. 6. Deposition rate after 10 s simulation time in prototype at different process parameters: (a) front view in X-Y plane, (b) top view in X-Z plane.

deposition rate is almost identical in both sections at a value just above
0.002 kg/s, which indicates that, despite of the tangential air inlet
positioned at the edge of the wind box, a mostly evenly distributed
fluidization air flow is created. In the beginning of the simulation
with a higher spray rate, the deposition rate in the section near the
fluidization air inlet lies slightly below the rate in the neighboring
part. The increased number of droplets injected at 120 g/min and
the accompanying enhanced number of particle-droplet collisions and

wider distribution of particles through the fluidized bed can result in a
higher fluctuation of the deposition rate compared to the run at a lower
spray rate. Similar to the reference case slightly different expansions
in vertical and horizontal direction can be seen in the two bottom
segments in Fig. 6.

Figs. 8 and 9 depict the deposition rate in the lower reactor sections
over a spray time of 9 s at different spray and protection air pressures,
respectively. In general, the same effects on the droplet behavior can
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Fig. 7. Deposition rate over time in prototype at different spray rates.
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Fig. 8. Deposition rate over time in prototype at different spray air pressures.

be observed for both parameters. In both cases, the deposition rate is
not largely affected by a change of pressure and is fluctuating around
0.004 kg/s. A slight increase in deposition rate can be seen at reduced
nozzle pressures. In addition, increasing the spray and protection air
pressures leads to a small raise of the percentage of elutriated droplets.
Due to the elevated air velocities occurring at higher pressures, the
liquid droplets are accelerated more, flying further upwards in the
fluidized bed before colliding with a particle or flying through the
whole bed getting elutriated. In addition, the solids-free zone in front
of the nozzles expands since particles that move near the tip of a nozzle
are also accelerated more by the faster nozzle air streams and fly further
away into the fluidized bed.

Another gas stream that presumably influences the trajectories of
the droplets and thus particle-droplet collisions, is the fluidization air.
Fig. 10 shows the deposition rate in the bottom part of the fluidized
bed at an inlet air flow rate of 130 m3/h and 200 m3/h. The corre-
sponding superficial gas velocities above the distributor are 0.51 m/s
and 0.79 m/s, respectively. At the elevated gas flow, the deposition rate
in the two bottom parts of the fluidized bed is comparatively low since
the droplets are entrained by the fluidization air. Thus, the droplets are
dragged higher throughout the bed and travel at higher velocity, so the
deposition rate in the upper segments of the fluidized bed is higher for
an air flow of 200 m?/h than for 130 m?/h. In addition, the particle bed
expands further at 200 m3/h, which leads to an increased bed porosity
and consequently reduces the probability of collisions between droplets

and particles.
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Fig. 9. Deposition rate over time in prototype at different protection air pressures.
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Fig. 10. Deposition rate over time in prototype at different fluidization air inlet volume

flows.

Table 5

Geometry modifications used in CFD-DEM simulations.
Parameter Values Unit
Nozzle inclination angle 40; 50; 60 °
Nozzle position rotation 0; 30; 45 °

3.3. Variation of reactor geometry

As previously mentioned, a great advantage of simulations com-
pared to experiments is the possibility to investigate the effects of
equipment modifications on the process without unreasonably high
costs or effort. To optimize liquid distribution within the particle
bed and minimize the number of droplets colliding with the reactor
walls and being elutriated, the inclination angle of the two bottom-
spray nozzles and the nozzle position relative to the fluidization air
inlet were varied according to Table 5. For the latter, the setup as
used for the parameter study is defined as “0°”. The further positions
refer to a deviation from that position by moving both nozzles by a
certain amount in circular direction. Lastly, the prototype geometry is
compared to the commercially available fluidized bed setup Solidlab 2
as described in Section 2.

Table 6 shows the percentages of deposited droplets, elutriated
droplets and droplets colliding with the wall for different nozzle setups
and reactor geometries. The most significant impact was observed due
to the change from prototype to Solidlab 2 geometry, where the fraction
of deposited droplets was reduced by approximately 2%, which can be
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Table 6
Fraction of deposited, elutriated, and wall droplets in modified prototype and Solidlab 2
in comparison to reference case.

Deposited Elutriated Droplets on
droplets droplets wall
Reference case 93.2% 6.8% 5.2 - 103%
Nozzle inclination angle 50° 93.5% 6.5% 2.9 - 107%
& 60°  91.5% 8.5% 1.7 - 10°%
Nozzle position rotation s0° 93.5% 6.5% 10 1072%
P 45° 93.5% 6.5% 2.0 - 1073%
Solidlab 2 91.3% 8.5% 1.8 - 107'%
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Fig. 11. Deposition rate over time at different nozzle inclination angles.

mostly attributed to an enhanced elutriation. Even though the fraction
of droplets colliding with the wall is still the lowest, it is an order of
magnitude higher in the Solidlab 2 compared to the prototype. When
comparing the different nozzle angles and positions in the prototype
setup, only minimal differences in the percentages of various droplet
fates can be detected. With higher inclination angle of the nozzles, more
droplets are elutritated and less droplet-wall collisions occur since the
nozzles are facing more towards the outlet and less towards the walls
of the process chamber. Changing the position of the nozzles in the
distributor plate did not affect the droplet fate significantly and the
percentage of deposited droplets ranges between 93.2% and 93.5% for
the three different positions. In the following, the deposited droplets in
the different fluidized bed geometries will be discussed in more detail
by evaluating the deposition rate in the bottom part of the fluidized
bed.

Fig. 11 depicts the deposition rate over time in the bottom segments
of the prototype geometry at different inclination angles of the two
bottom spray nozzles. With increasing angle the deposition rate slightly
decreases due to the more upwards facing nozzles favoring elutriation,
which is also evident in the percentage of elutriated droplets in Table 6.
The initial goal to minimize droplet-wall collisions by increasing the
nozzle angle was achieved. However, since the fraction of droplets
sticking to the wall is significantly lower compared to the deposited and
elutriated droplets, the effect is neglectable. In general, all three nozzle
setups show a mostly similar behavior with only minor differences,
regarding both, the overall distribution of droplet fates as well as the
deposition rate. This indicates that for a sufficiently large bed height,
the nozzle inclination angle can be varied within a certain range in
order to accommodate to possible external geometric constraints with-
out significantly affecting the liquid distribution and thus the product
quality. Still, at lower bed masses, the risk of spraying droplets out of
the fluidized bed at steep nozzle angles should be considered.

The effect of the second geometric adaptation, the variation of the
nozzle position, on the deposition rate is shown in Fig. 12. As in the
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Fig. 12. Deposition rate over time at different nozzle position rotation.

other simulation cases considered so far, the deposition rate reaches a
steady state almost immediately after liquid injection is started. Just as
for the nozzle inclination angle, the deposition rate does not seem to
be significantly affected by rotating the position of the nozzles along
the distributor. Consequently, this enables further possible geometry
modifications to meet external requirements without impairing product
quality. Moreover, it can be concluded that the incoming fluidization
air is evenly distributed over the whole cross-section of the apparatus
by combining the tangential air inlet with the inclined slits of the Diskjet
distributor.

Some significant changes in the apparatus design are apparent when
comparing the prototype to the Solidlab 2. One major difference is
the fluidization air inlet which is installed tangentially in case of the
prototype and centrally for the Solidlab 2. Fig. 13 shows slices of
the deposition rate field in the Solidlab 2 after 10 s. Just as for the
prototype, the majority of particle-droplet collisions occurs just in front
of the nozzles. However, the overall shape of the spray zone charac-
terized by the deposition rate field is different for both geometries.
In the Solidlab 2, the spray zones from both nozzles are broader and
merge into one large zone approximately 0.1 m above the distributor.
Furthermore, the spray zone expands up to the reactor wall in certain
parts of the fluidized bed, while it does not reach the wall on the left
side of the air inlet.

The deposition rate in the bottom part of both granulators over time
is shown in Fig. 14. In the first two seconds, the deposition rate in the
Solidlab 2 is lower than the rate in the prototype, which means that less
collisions between particles and droplets occur. Afterwards, the depo-
sition rate in the Solidlab 2 increases up to 0.005 kg/s, which is higher
than in the prototype. However, the Solidlab 2 curve shows higher
fluctuations and overall seems to be slightly less stable in comparison to
the state of the prototype. In addition, a higher difference between the
deposition rate in segment 1 and 2 can be observed, indicating a less
symmetrical distribution of the liquid within the fluidized bed. There-
fore, the deposition of liquid droplets onto the particles of the fluidized
bed should happen more uniformly in the prototype granulator which
can be attributed to a more even distribution of the fluidization air
allowing an overall better fluidization of the particle bed and enhanced
interaction between particles and injected droplets.

4. Conclusion

To investigate the distribution of an injected liquid in a fluidized bed
and thus contribute to better understand the agglomeration process,
CFD-DEM simulations were performed. Furthermore, a procedure to
analyze where droplets and particles interact with each other and
what percentage of the injected liquid contributes to agglomeration
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Fig. 14. Deposition rate over time for prototype reference case and Solidlab 2.

by being available on the particle surface for the formation of liquid
bridges was established. For industrial processes this knowledge is
extremely valuable to evaluate process efficiency and consequently
optimize the agglomeration by minimizing the amount of droplets that
do not contribute to particle growth due to elutriation or collision with
the reactor walls. Furthermore, an even liquid distribution contributes
to a uniform product quality, thus also providing helpful information
with regard to process design.

Overall, a steady deposition rate with slight fluctuations was
reached in all investigated cases. In the bottom segments of the flu-
idized bed, where a majority of the particle-droplet collisions occur, a
mostly similar distribution of the droplets injected by the two bottom
spray nozzles was observed. While increasing the liquid spray rate
naturally lead to a higher deposition rate, the percentages of deposited,
wall-sticking, and elutriated droplets were not affected. In contrast,
an increase in spray and protection air pressure mainly influenced the
amount of droplets on the wall and in the filters and only has a minor
impact on the deposition rate in the lower part of the fluidized bed.
A higher fluidization air volume flow caused a lower deposition rate
in the bottom segments and enhances elutriation due to the increased
acceleration of the injected droplets and higher bed porosity.

Even when varying the inclination and position of the bottom-
spray nozzles, the liquid distribution characterized by the deposition
rate, could be maintained. Therefore, a versatile setup of the prototype
geometry, that can meet external requirements, e.g. concerning spacial
limitations, without loss of product quality, is possible. A tangential in-
let for the fluidization air was found to be favorable for the investigated

10

process with regard to a uniform deposition of droplets in comparison
to a central gas inlet.
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