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Abstract: Coating of particles is a widely used technique in order to obtain the desired surface
modification of the final product, e.g., specific color or taste. Especially in the pharmaceutical industry,
rotor granulators are used to produce round, coated pellets. In this work, the coating process in a
rotor granulator is investigated numerically using computational fluid dynamics (CFD) coupled with
the discrete element method (DEM). The droplets are generated as a second particulate phase in DEM.
A liquid bridge model is implemented in the DEM model to take the capillary and viscous forces
during the wet contact of the particles into account. A coating model is developed, where the drying of
the liquid layer on the particles, as well as the particle growth, is considered. The simulation results of
the dry process compared to the simulations with liquid injection show an important influence of the
liquid on the particle dynamics. The formation of liquid bridges and the viscous forces in the liquid
layer lead to an increase of the average particle velocity and contact time. Changing the injection rate
of water has an influence on the contact duration but no significant effect on the particle dynamics.
In contrast, the aqueous binder solution has an important influence on the particle movement.

Keywords: CFD-DEM simulation; capillary force; viscous force; coating model; wet particle; drying
process; fluidized bed rotor granulator

1. Introduction

For various products in the pharmaceutical, chemical, and food industries, the coating of solid
particles with different materials is an important processing step [1]. A wide range of equipment
is available for coating, such as drum coaters, bubbling and spouting fluid beds, and fluidized bed
rotor granulators. In all these processes, it is crucial to consider the change of the particle dynamics
due to an increasing amount of liquid in the apparatus. While agglomeration is encouraged in some
processes, it should be avoided in others. Especially in the pharmaceutical industry, round, coated
pellets are needed for oral drug delivery [2]. The fluidized bed rotor granulator was developed in
order to be able to carry out the individual process steps of spheronization, coating, and drying in one
apparatus. It consists of a rotating round base plate with an annular gap between the rotor and the
wall. Air flows through the gap, which fluidizes and dries the pellets. The coating liquid is sprayed
onto the pellets from a horizontal injection nozzle. Due to its specific fluid dynamics and mechanical
conditions in the process chamber, pellets with high strength, smooth surface, and high sphericity
could be obtained [3–5].

For the optimization and control of coating processes, it is essential to know and describe the
particle kinetics and dynamics, as well as the growth of the coating layer on the particles. These data
can be determined with numerical simulation. Continuous Euler–Euler flow models were often
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used to describe the gas phase and particles in the fluidized beds [6–10]. These approaches allow a
relatively fast calculation but simplify the particle-particle interactions, and details of the individual
particle movements are lost. Due to the increasing computing power, the more computationally
intensive Eulerian–Lagrangian approaches are used increasingly to simulate multiphase flows. Thereby,
the computational fluid dynamics (CFD), is coupled with the discrete element method (DEM) [11].
With CFD, the flow field of the gas in the processing apparatus can be determined, which treats the
fluid phase as a continuum. In DEM, the interactions are calculated for every single particle based on
models describing the physical properties of the particles, such as the adhesion, and their mechanical
behavior during slow, fast, and repeated stressing [12,13].

Neuwirth et al. [3] investigated the particle dynamics in a fluidized bed rotor granulator under
dry conditions experimentally and with CFD-DEM simulations. A good agreement of the simulation
results with the experiments was shown [14,15]. However, only a few studies have been carried out to
examine the wetting of particles caused by an additional spraying process. Fries et al. [16] simulated
the moisture distribution in a fluidized bed using the CFD-DEM approach by introducing a liquid
containing a spray domain. Suzzi et al. [17] investigated a tablet-coating process, applying the same
method of a liquid containing spray domain to DEM simulations. In these works, no droplets are
simulated, but the particles or tablets gain a certain amount of liquid by passing this spray domain.
To consider sprayed droplets in the simulation, a second discrete phase needs to be added to the
DEM model. Since in a conventional spray process a huge number of small droplets are generated,
such simulation approaches become very computationally expensive. Sutkar et al. [18] presented
a three-phase approach of gas, droplet, and particle flow for a 2D spout fluidized bed with draft
plates. Börner et al. [19] simulated a spraying process in a 3D fluidized bed granulation. However,
for reasonable time scales, a similarity model-based approach was used to scale the individual droplets.
In our previous work [20], we simulated the two-phase spray nozzle with CFD-DEM to obtain the
droplet distribution in the fluidized bed apparatus. In the next studies, this time-consuming simulation
approach for the sprayed droplets was simplified with the spray domain [1,21] or homogenous wetting
of all the particles in the bed [22]. These models are faster; however, they do not take into account the
real droplet deposition processes in the spray zone.

In this work, the particle dynamics during a coating process in a fluidized bed rotor granulator
was studied. The coating process was simulated with a 3D CFD-DEM coupling in order to obtain
additional information about the influence of the injected liquid on the particle dynamics. The capillary
forces due to the existence of liquid layers after droplet deposition were taken into account based
on the model of Tsuazawa et al. [3], and the viscous forces were calculated according to models of
Lian et al. [23] and Popov [24]. In addition, a new coating model is implemented into the DEM code.
It describes the droplet deposition on the particles and the wall, as well as the drying of the liquid layer
over time. The simulation results of the fluidization process without liquid injection are compared
with two cases with different injection rates of water, as well as one case where an aqueous binder
solution is sprayed in.

2. Model Description

2.1. CFD Modeling

In this study, a one-way approach is used, which considers the influence of the gas phase on
the solid phase, but neglects the influence of the solid phase on the gas phase. With this choice of
coupling approach, it was possible to simulate a real process time of about one minute in reasonable
calculation time. For the CFD, the gas phase is considered as continuum and the geometry of the
apparatus is discretized by mesh cells. In each volume element of the CFD mesh, the gas flow is
calculated by solving the volume-averaged Navier–Stokes equations by applying the semi-implicit
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method for the pressure-linked equations (SIMPLE) algorithm [25]. The equations describing the heat,
mass, and momentum transfer in the gas phase can be written as a general equation:

∂ρgφ

∂t
+∇

(
ρgugφ− Γφ∇φ

)
= Sφ (1)

where ρg is the gas density, φ describes the scalar quantity of the gas (e.g., the velocity components,
the temperature, turbulent kinetic energy dissipation rate, and turbulent kinetic energy), ug is the gas
velocity, Γφ specify the diffusion coefficient, and Sφ represent the source term, which accounts for any
sources or sinks that either create or destroy the scalar quantity of the gas.

2.2. DEM Modeling

In DEM, firstly introduced by Cundall and Strack [26], the motion of each single particle is
calculated using motion equations for translation and rotation, according to Newton and Euler,
respectively. The translational velocity of a particle vp,i with the mass mp,i is determined by calculating
the gravitational force and the sum of the contact forces Fc,ij acting on the particle i due to interactions
with other particles j or the apparatus wall:

mp,i
dvp,i

dt
= mp,ig +

k∑
j=0

Fc,ij (2)

where g is the gravitational acceleration.
For the used one-way coupling of the CFD with the DEM, the model of Cundall and Strack is

extended by the drag and pressure gradient forces to take into account the influence of the gas phase
on the particles:

mp,i
dvp,i

dt
= −Vp,i∇p +

1
2

CDρgurel2Ai + mp,ig +
k∑

j=0

Fc,ij (3)

where Vp,i, ∇p, urel, and Ai are the particle volume, the pressure gradient, the gas velocity relative to the
particle, and the frontal projection area of the particle, respectively. The contact forces are described in
detail in the following section. The drag coefficient CD depends on the particle Reynolds number Rep:

Rep =
urel · ρg · dp,i

ηvis
(4)

where dp,i is the particle diameter and ηvis the dynamic viscosity. The correlation used for different
flow regimes is summarized in Table 1 [27,28].

Table 1. Calculation of the drag coefficient depending on the particle Reynold number.

Particle Reynold Number Regime Drag Coefficient

Rep ≤ 0.25 Laminar CD = 24/Re
0.25 < Rep ≤ 1000 Transition CD =

24·(1+0.15·Re0.687)
Re

Rep > 1000 Turbulent CD = 0.44

For the description of the rotation, the angular velocity ωp,i of each particle with the moment of
inertia Jp,i and radius rc,ij is calculated by the sum of the torques Mt,ij caused by the tangential forces
acting on the particle and Mr,ij due to the rolling friction if the particle rotates:

Jp,i
dωp,i

dt
=

k∑
j=0

(
Mt,ij + Mr,ij

)
(5)
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2.3. Contact Force

The contact force is calculated according to the viscoelastic soft-sphere model. The normal
component of the contact force in Equation (6) is based on the theory by Hertz [29] and Tsuji [30].
The tangential component of the contact force is calculated according to a no-slip approximation of
the model by Mindlin and Deresiewicz [31], as proposed by Tsuji (Equation (7)) [30]. In addition,
to describe the wet contacts in the simulation of the coating process, viscous forces Fvis,n, and capillary
forces Fcap are considered. Both forces are described in detail in the following two sections. The normal
and tangential component of the contact force, index n, and t, respectively, are calculated as:

Fc,ij,n = −knδ
3/2
n nij − ηnup,ij,n + Fvis,n + Fcap (6)

Fc,ij,t =

−ktδttij − ηtup,ij,t + Fvis,t i f
∣∣∣Ft,ij

∣∣∣ ≤ µ∣∣∣Fn,ij
∣∣∣

−µ
∣∣∣Fn,ij

∣∣∣tij + Fvis,t i f
∣∣∣Ft,ij

∣∣∣ > µ∣∣∣Fn,ij
∣∣∣ (7)

where k describes the spring stiffness coefficient, δ is the displacement, nij, as well as tij are normal
and tangential unit vectors, up,ij,t represents the tangential component of the collision velocity vector
of the particle with another particle or a wall and µ is the sliding friction coefficient. Considering
viscoelastic deformation behavior that causes energy dissipation, the damping factor η for the normal
and tangential direction is included:

ηn = 2α
√

m∗knδ
1/4
n (8)

ηt = 2α
√

m∗kt (9)

where α represents a function of the restitution coefficient, and m∗ is the reduced mass of the contact
partners. A detailed description of this contact model can be found in Antonyuk et al. [32] and
Deen et al. [11].

2.3.1. Capillary Force

During a particle-particle or particle-wall contact, where one of the contact partners has a liquid
layer in the contact area, a liquid bridge forms. Thus, capillary forces need to be taken into account.
In the literature, several models are available to calculate the capillary forces for symmetric pendular
bridges [23,33–36]. These models were derived on the basis of the total liquid-bridge energy, and the
pressure difference across the liquid bridge. In this study, the capillary forces are modeled according to
Israelachvili [36]. Fujihashi et al. [37] reported that the model proposed by Israelachvili is in closer
accordance to the experimental data presented by Willet [38] than the model of Rabinovich [35].
This model by Israelachvili was already successfully applied to simulate a mixing process in DEM by
Y. Tsunazawa et al. [39].

Based on the different geometric shapes, a distinction is made between particle-particle contact
and particle-wall contact. Thus, the capillary force acting between the two particles, Fcap,pp and the
capillary force acting between a particle and a wall, Fcap,pw are calculated by the following expressions:

Fcap,pp =
−4πRγcos(θ)

1 +
(√

1 + 2Vb
πRh2 − 1

)−1
(10)

Fcap,pw =
−8πRγcos(θ)

1 +
(√

1 + 2Vb
πRh2 − 1

)−1
(11)

where Vb is the volume of the liquid bridge, which is calculated as the sum of the liquid volume of
each contact partner, h describes the distance between the particle centers or the particle center and the
wall, θ represents the wetting angle, and γ is the surface tension.
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Since the particle radius increases individually per particle during the coating process, the effective
contact radius R is used:

R =
rirj

ri + rj
(12)

where ri and rj are the radii of the two contact partners.
A liquid bridge forms when the distance between the contact partners is less than the thickness of

the liquid layers h0 on the particles or wall. It is assumed that the liquid always spreads ideally over
the surface and a uniform thin film is formed. The thickness of the liquid layer on the particle h0,p is
calculated by subtracting the radius of the dry particle volume ri from the radius of the wetted particle
determined by the volume of the liquid on the particle Vp,i,liq, and its volume Vp,i,dry:

h0,p =
3

√
3
(
Vp,i,liq + Vp,i,dry

)
4π

− ri (13)

The increase of the dry particle volume by drying is explained in detail in Section 2.4. For the
calculation of the layer thickness on the wetted wall, the liquid volume of the wetted wall grid cell
Vcell,i is divided by the surface of the corresponding mesh cell of the wall Scell:

h0,w =
Vcell,i

Scell
(14)

A more detailed description of the allocation of the liquid during the simulated coating process
can be found in the section on the coating model.

At a critical distance of the contact partners, the liquid bridge breaks. Lian et al. [40] proposed an
approximation of the rupture distance hrup obtained from the numerical solutions of the Young–Laplace
equation, which depends on the wetting angle and the volume of the liquid bridge:

hrup = (1 + 0.5θ)V1/3
b (15)

2.3.2. Viscous Force

In addition to the capillary force, a viscous force also acts due to the liquid. The dimensionless
capillary number, which describes the relation between theviscous force and surface force, is used to
assess the relevance of the viscous forces [41]:

Ca =
ηvisup,ij

γ
(16)

where up,ij describes the relative velocity of the colliding particles or particle with a wall.
From the Reynolds lubrication theory, considering the relative translational collision velocity of

the particles in the normal direction, the viscous force in the normal direction Fvis,n can be determined
as [23,42]:

Fvis,n =
6πηvisR2up,ij,n

h
(17)

where up,ij,n represents the relative velocity of the colliding particles or the particle with a wall in
the normal direction. The distance between the contact partners, at which the viscous force must
be taken into account, is physically limited by the roughness of the respective surfaces. Therefore,
a minimum distance is set for the calculation of the viscous. Similar treatments can be found in the
literature [43–45].

In the tangential direction, the viscous force is calculated as proposed by Popov [24]:

Fvis,t = 2πηvisRup,ij,t ln
(
1 +

R
2h

)
(18)
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2.4. Coating Model

In order to consider a coating process of the particles, which is always a wetting and drying
process, a new coating model is implemented in DEM. In the model, the particle volume consists of a
dry particle volume Vp,i,dry and a liquid volume on the particle Vp,i,liq:

Vp,i = Vp,i,dry + Vp,i,liq (19)

Depending on this volume, the mass of the particle is recalculated in each time step. The droplets
are generated as a second particulate phase in DEM, and their movement is simulated. In contrast to
the solid particles, no contact forces are considered for the droplets. Depending on the type of the
contact, different cases are distinguished for the droplet. If two spray droplets meet, this contact is
ignored and the droplet trajectories are unaffected. If a contact with a particle occurs, the volume of
the droplet Vdrop is transferred to the particle as a liquid volume of the particle Vliq,i, and the droplet is
deleted from the simulation. At each further contact of the particle with a droplet, the volume of the
droplet is added to the liquid volume of the particle:

Vp,i,liq = Vliq,i +
k∑

i=0

Vdrop,i (20)

In the case of a contact with an apparatus wall, which is discretized by a mesh, the volume of the
droplet is assigned to the grid cell in the contact. Similar to the particles, each further droplet is added
to the liquid volume of the grid cells:

Vcell,i = Vliq,i +
k∑

i=0

Vdrop,i (21)

This creates the so-called “liquid layer” on the particle or grid cell of the wall. With the assumption
of an ideal wetting over the entire particle surface and cell surface, the film thickness could be calculated
as expressed in Equations (13) and (14).

Furthermore, liquid transfer during a contact, whereas at least one of the contact partners has a
liquid layer, needs to be considered. As described in Section 2.3, the volume of the liquid bridge is
equal to the sum of the liquid volume of each contact partner.

Vb,ij,z+1 = Vliq,i,z + Vliq,j,z (22)

where z is the number of time steps. When the particles rebound, half of the volume of the liquid
bridge remains as liquid volume on each contact partner. This assumption is also used by other
authors [46,47].

Vb,ij,z+1/2 = Vliq,i,z+2 = Vliq,j,z+2 (23)

In Figure 1, the liquid transfer during the contact of the two particles with a liquid volume
is shown.

The implemented drying process depends on the drying rate ϕR, which specifies the amount of
liquid mass that dries per time unit. In the case that a process with saturated air is simulated where no
drying of the liquid volume takes place, the drying rate is zero. Otherwise, the drying coefficient is
greater than zero and the liquid volume of the particle and the wall decreases in each time step ∆t until
no liquid volume is left. At each time step of the simulation, the liquid volume Vliq,i,z+1 is recalculated:

Vliq,i,z+1 = Vliq,i,z −
ϕR∆t
ρl

(24)

where ρl is the density of the liquid.
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In addition, a loading coefficient of the liquid α is introduced to consider the solid concentration
in a solution used for coating. Therefore, it defines the ratio of the liquid volume converted to dry
volume on the particle during the drying process. The assumption is made that the properties of the
liquid do not change during the drying process, and thus, there is no change in concentration. With a
loading coefficient of zero, no dry volume is formed, the liquid layer only decreases over time. If the
loading coefficient is one, the decrease of the liquid volume corresponds to the increase of the dry
volume per time step. The dry particle volume Vp,i,dry consists of the initial volume of particle Vp,i,ini

and a dried volume Vdry,i:
Vp,i,dry = Vp,i,ini + Vdry,i (25)

Similar to the liquid volume, the dry volume is recalculated in each time step of the simulation:

Vdry,i,z+1 = Vdry,i,z + α
ϕR∆t
ρl

(26)

This results in a total particle volume after z + 1 time steps:

Vp,i,z+1 = Vp,i,ini + Vdry,i,z + α
ϕR∆t
ρl

+ Vliq,i,z −
ϕR∆t
ρl

+
k∑

i=0

Vdrop,i (27)

The radius ri used for calculation of the thickness of the liquid layer in Equation (13), thus increases
during the drying process:

ri,z+1 =
3

√
3
(
Vp,i,ini + Vdry,i,z + α

ϕR∆t
ρl

)
4π

(28)

The liquid volume of the grid cell after z + 1 time steps is expressed as:

Vcell,i,z+1 = Vliq,i,z −
ϕR∆t
ρl

+
k∑

i=0

Vdrop,i (29)

For the wall cells, the formation of a dry layer is not considered, only the drying process. In this
model, no heat transfer between the gas phase and solid phase is taken into account since it is assumed
that both phases have the same temperature. Drying of the particles becomes unimportant when the
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gas and liquid temperatures are low and the moisture content of the air is high. The coating model is
shown schematically in Figure 2.
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3. Simulation Setup

3.1. Geometry of the Rotor Granulator

In this study, the coating process in a rotor granulator with an inner diameter of 295 mm is simulated
(Figure 3). The central element of the rotor granulator is the horizontally rotating unstructured plate
with a diameter of 268 mm located in the middle of the apparatus, on which the starting cores or
pelletized materials are located. The gas flows vertically into the particle bed via a two-millimeter-wide
annular gap between the rotor plate and the apparatus wall, as can be seen in Figure 3a. The inflow
surface for the gas into the process chamber is much smaller than that of the conventional fluidized
beds, resulting in high velocity in the gap. A single-fluid nozzle with an outlet diameter of 1 mm
is installed horizontally in the process chamber to inject the liquid for the coating of the particles.
The nozzle is located 43.5 mm above the rotor plate.
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3.2. Simulation Parameters

The geometry of the apparatus was discretized into hexagonal mesh cells. The mesh in the region
where particles are located consists of approximately equally sized cells. The gas field was solved with
an ANSYS Fluent 2019R2 (ANSYS, Inc., Canonsburg, PA, USA, 2019). For the CFD simulation, an inlet
velocity of 1 m/s, and outlet pressure of 1.01325 bars were taken as boundary conditions. This resulted
in an average gas velocity in the gap of 27 m/s. Air at 26 ◦C was used for the gas phase and it was
considered as compressible gas in the simulation. The rotor disc rotated with 300 rpm. The CFD
simulation parameters are listed in Table 2.

Table 2. CFD simulation parameters.

Parameters of the Gas Value

Number of grid cells (-) 2,743,200
Time (-) steady

Turbulence model (-) k-ε
Inlet velocity (m/s) 1

Outlet pressure (bar) 1.01325
Temperature (◦C) 26

Rotation plate (rpm) 300
Specific heat (kJ/(kg·K)) 1.006

Thermal conductivity (W/(m·K)) 0.0242
Dynamic viscosity (kg/(m·s)) 1.7894·10−5

Gas density (-) Ideal gas

The particulate phases were calculated with EDEM 2020 (DEM Solution Ltd., Edinburgh,
United Kingdom, 2019) The particles were generated above the rotor plate. Similar to the CFD
simulation, the rotor rotated with 300 rpm. For comparison with future experiments in a second
study, round particles consisting of a ceramic core and a shell of polyvinyl butyral are simulated.
The particle properties needed for the DEM simulations were obtained by several experimental
setups. The coefficient of the restitution was measured with a free-fall device, as described in the
work of Grohn et al. [2]. The Young’s modulus was determined with a Nanoindenter (Hysitron
TI Premier, Bruker Corporation, Billerica, MA, USA), and the friction coefficients with a Texture
Analyser® (TA.XTplus, Stable Micro Systems, London, UK). The particle properties needed for the
DEM simulations are summarized in Table 3.

Table 3. DEM simulation parameters for the particles.

Parameters of the Particle Value

Number of particles (-) 8139
Bed mass (kg) 0.923

Diameter (mm) 4.2
Density (kg/m3) 2922

Young’s modulus (GPa) 1.68
Poisson’s ratio (-) 0.25

Static friction coefficient (-) 0.456
Rolling friction coefficient (-) 0.065

Restitution coefficient (-) 0.73

In this study, four different cases were analyzed to investigate the influence of the coating liquid
on the particle behavior. In the first case, no liquid was injected, while in the second and third cases,
different volumes of water per second were injected. To obtain a double liquid rate, the number of
drops was kept constant, but the drop diameter was increased from 0.2 mm to 0.252 mm. In the fourth
case, an aqueous binder solution, water with 12 mass percent of PHARMACOAT® 606 (Hydroxypropyl
Methylcellulose, Shin-Etsu Chemical Co., Ltd., Chiyoda-ku, Japan), was used, which has a dynamic
viscosity more than 600 times higher than water. For the generation of the droplets, a virtual factory
was created at the end of the nozzle. The droplets had an initial velocity of 35 m/s in the y-direction
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(Figure 3), and the spray angle was 60◦ (Figure 3b). The properties of the injected coating liquid
were also measured. The surface tension was determined with a drop contour analysis system
(OCA 15EC, DataPhysics Instruments, Filderstadt, Germany), the density of the liquid with a density
meter (DMA 55, PhysicaMesstechnik GmbH, Ostfildern, Germany), and the dynamic viscosity with
a rotational viscometer (RHEOTEST® RN 4.1, RHEOTEST Medingen GmbH, Medingen, Germany).
In Table 4, the parameters of the droplets for the different simulation cases are given. For the drying of
the particles, the assumption is made that a layer of 20 µm dries in 300 s, resulting in a drying rate of
0.0015 mg/s.

Table 4. DEM simulation parameters for the droplets.

Parameters of the Droplets
Water

Injection
Case II

Water
Double Injection

Case III

Water with Pharmacoat 606
Case IV

Droplet generation rate (1/s) 400,000 400,000 400,000
Volume flow (mL/min) 100 200 100

Diameter (mm) 0.2 0.252 0.2
Density (kg/m3) 1000 1000 1026

Surface tension (mN/m) 75.75 75.75 42.91
Dynamic viscosity (mPas) 1.01 1.01 620.43

Wetting angle (◦) 28.65 28.65 29.12

4. Results

4.1. Influence of Liquid Injection on Particle Dynamics

The particle dynamics in the fluidized bed can change during a coating process. The sprayed liquid
droplets are deposited on particles leading to an increased particle volume and generate the additional
forces in particle contacts, such as capillary and viscous forces. The impact of these interactions
depends on the amount and viscosity of the sprayed binder solution, drying kinetics, and the mixing
behavior. To understand the characteristic particle dynamics in the rotor granulator, the particles
colored by velocity magnitude, are shown in Figure 4 for the dry case 60 s after the process started.
One can see that the fastest particles are located on the plate, and with increasing height, the velocity of
the particles decreases. The rotating plate in the rotor granulator accelerates the particles in the toroidal
direction upon contact. Moreover, the centrifugal force causes the particles to move outwards towards
the wall of the apparatus. Since the gap with the incoming gas is also located there, the particles are
additionally accelerated vertically upwards here. With increasing flight height, the particles slow
down more and more due to the particle or wall impact, friction, and gravitational force. Subsequently,
they are pushed towards the center by new particles accelerated by the upward flowing gas in the
gap. Then, they land back on the plate, where the particles again move towards the wall due to the
prevailing centrifugal forces.
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In order to analyze the effect of the liquid injection on the particle dynamic, one-minute process
time was simulated for all cases and the results were compared. The injection started after simulation
of two seconds of the dry process, because than the steady state of the particle movement is reached.
First, the dry case is compared with the wet case II, where 400,000 water droplets per second with a
diameter of 200 µm are injected. During this time, a volume of 96.7 mL water was added to the system,
corresponding to a liquid mass of 10.4% of the total mass of the particles. In Figure 5, the time-averaged
solid volume fraction for the dry and wet case can be seen. For a better overview, and since all particles
are close to the apparatus wall due to centrifugal forces, only the radial positions between 80 mm
and 150 mm from the center are shown. The values are averaged over the last 5 s of the simulations.
The highest solid concentration could be observed in a zone above the plate near to the gap for both
cases (dashed lines in Figure 5). However, in the wet case, the concentration remains high, even directly
above the gap. The attracting forces due to the liquid bridges cause the particles to stick together,
which results in a higher packing density. In the dry case, particles are frequently localized even at a
height of more than 40 mm near the wall, in contrast to the wet case, where the particle bed is more
homogeneously distributed and particles do not reach a height above 40 mm. One can see that the
particle bed is lower and denser in the wet case.Processes 2020, 8, x FOR PEER REVIEW 12 of 19 
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While the average contact force of the particles stays constant over time for the dry case, it increases
when the injection starts (Figure 6a). After around 5 s of liquid injection, the mean value of the particle
contact forces oscillates around a constant average value, which is 21.8% higher than in the dry case.
Comparing the average velocities of the particles, one can see that the average particle velocity is
also higher in the wet case (Figure 6b). Due to the additional adhesive forces caused by the liquid,
the particles are in longer contact with the fast-rotating rotor plate, and the average velocity increases
at the beginning of the injection, and stabilizes around an 8.7% higher average value.

During the coating process, the amount of water in the system increases linearly because of the
constant injection volume flow and the constant drying rate. In Figure 7a, the constant increase of the
total liquid volume of all particles in the process over time is shown. After 58 s of injection, 91 mL of
liquid remains distributed on the particles, corresponding to 94.1% of the injected liquid. A total of
5.6 mL is on the walls of the apparatus. The low drying rate results in very low liquid reduction over
time. Due to the wetting of the particles, liquid bridges are formed in the wet contacts. The number of
formed liquid bridges increases strongly in the first three seconds. The rupture of the liquid bridges
starts later when more volume of the liquid is deposited on the particles (Equation (15)). Over time,
a balance between newly formed and destroyed bridges is reached, with an average number of 1581 of
liquid bridges (Figure 7b). Agglomerates are formed from maximum six particles, but on average with
three to four.
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Due to the capillary and viscous forces caused by the liquid bridge, additional adhesive forces act
on the particles, and as a consequence, the velocity of the particles also changes, accordingly. To analyze
the effect of the liquid in more detail, Figure 8 compares the velocity distribution of the particles in the
dry and wet cases.

In both cases, two peaks can be seen, one at a velocity of 0.2 m/s and the second at 0.6 m/s. In the
dry simulation, over 30.1% of the particles have a velocity under 0.2 m/s, whereas in the wet case, it is
only around 16.0% of the particles. The particles with a low velocity are the particles which have direct
contact with the wall. These particles are slowed down by friction with the stationary wall. Most of
the particles in the bed move at a velocity of 0.6 m/s. The highest velocity reaches the particles after
contact with the rotor plate due to the high rotational speed of the plate. In the dry case, the highest
peak is the first one, whereas in the wet case the second is the highest. Moreover, the distribution
around the velocity of 0.6 m/s is more homogeneous in the wet case than in the dry case. While in the
dry simulation there are no more particles with a velocity faster than 1.2 m/s, over 4.4% of the particles
in the wet case have such a velocity. The additional adhesive forces caused by the capillary bridge
result in a longer contact duration. The average contact duration increases from 0.058 ms in the dry
case I to 0.127 ms in the wet case II (Table 5). As the contact duration of the particles becomes longer,
the time interval in which kinetic energy is transferred becomes greater as well and more energy can
be transferred from the rotating plate as well as faster particles to the slower ones.
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Table 5. Average values of the particle’s dynamics obtained in different simulation cases.

Dry
Case I

Water Injection
Case II

Water Double
Injection
Case III

Water with
Pharmacoat 606

Case IV

Contact force (N) 0.083 ± 0.007 0.101 ± 0.008 0.099 ± 0.006 0.148 ± 0.027
Particle velocity (m/s) 0.596 ± 0.003 0.647 ± 0.003 0.645 ± 0.003 0.647 ± 0.021

Contact time (ms) 0.058 ± 0.045 0.127 ± 0.007 0.165 ± 0.004 0.129 ± 0.005
Number of liquid bridges (-) - 1581 ± 85 1605 ± 91 1222 ± 82

In Figure 9, the distributions of the liquid thickness on the particles for the second case after 15 s,
30 s, 45 s, and 60 s of process time are shown. After the first 15 s, all particles are wetted, but some get
liquid only by a transfer during wet contact with another wet particle or another wet wall and not
directly by a droplet. After 30 s, all particles had at least one direct collision with a droplet and the
average layer thickness was 86.3 µm. Over time, the average liquid layer on the particles increases
continuously. After 60 s of simulation, corresponding to 58 s of liquid injection, an average liquid layer
of 178.7 µm is reached.
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4.2. Influence of the Water Spray Rate and Coating Solution

In order to investigate the influence of the injected liquid rate on the particle behavior, in the
simulation case III, the droplets were generated with a volume twice as large as in the first wet case
(case II). In addition, a widely used coating substance, Pharmacoat, was simulated in the case IV,
and the obtained particle behavior was compared with the other cases.

In Figure 10, the average contact force of the particle (Figure 10a) and the average particle velocity
(Figure 10b) for the double water injection, as well as for the injection of Pharmacoat solution, are shown.
Analogous to the results of the first wet case II (Figure 6), the forces and the velocity increase in the
first five seconds after the injection started and then stabilized. Table 5 also shows the mean values of
the force and velocity in the stabilized regimes. While the liquid rate does not seem to influence the
average contact force and the average particle velocity, it changes for the simulation with Pharmacoat.
Analyzing the average contact forces in the case of the Pharmacoat solution, one can see that they
increase strongly in the first 10 s and are about twice as high as for the cases with the water injection.
Due to the high dynamic viscosity of the Pharmacoat solution, the resulting viscous force in the contact
increases (Equations (17) and (18)). However, after a certain amount of Pharmacoat solution in the
process, the average contact forces then decrease again and are only 12% higher at the end of the
simulation. Similar to the contact forces, the particles have a higher average velocity at the beginning
of the liquid injection than in the cases with water injection. Then, the velocity decreases over time and
is 6.7% lower at the end compared to case II. The increasing amount of Pharmacoat solution in the
process results in higher energy dissipation during contact. The capillary number could be used here to
describe the influence of the viscous forces on energy dissipation. The relative particle collision velocity
of 0.155 m/s corresponds to the capillary number of around 0.002 for the case II with water injection.
Whereas the dynamic viscosity of the solution with Pharmacoat is over 600 times higher than that of
water, resulting in a capillary number of 1.3, which indicates a dominant influence of viscous forces.
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Comparing the number of liquid bridges over time of the wet case III with the wet case II,
no influence of the injected liquid rate could be found (Table 5). The average number of liquid bridges
stabilizes even in the case of the double injection at around 1600 bridges. With Pharmacoat, about 22.7%
less liquid bridges (in average 1222 liquid bridges) are formed than in case II.

In the wet case III, the average contact duration increases by about 23% (Table 5). The reason is
the higher liquid volume on the particles. Since the rupture distance of the liquid bridge increases
with increasing liquid volume, the liquid bridge is more stable over a longer distance between the
particles after the rebound. As a result, the time until the liquid bridge is destroyed is also longer and,
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as a consequence, the contact duration. In the case of the simulated Pharmacoat solution, the average
contact time increases slightly compared to case II. The higher acting viscous forces during contact
result in greater energy dissipation, which prolongs the contact time. The fact that the difference is not
greater is due to the dependence of the capillary force on the surface tension (Equations (10) and (11)).
The surface tension of Pharmacoat is only slightly more than half the value of water.

No significant differences in the velocity distribution can be seen between single injection and
double injection (Figure 11a compare to Figure 8b). The distribution in the case of the Pharmacoat
solution differs more significantly from the wet case II (Figure 11b compared to Figure 8b). Particles
that repeatedly stick to the wall for a short time and, therefore, have a velocity of 0 m/s are present.
In contrast, there are particles, which are significantly faster (more than 1.6 m/s). These are particles
that stick to the rotor, whereby high kinetic energy is transferred from the rotor plate. The particles
approach the circumferential speed of the rotor, which has a maximum speed of 4.2 m/s.
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In Figure 12, the average growth rate of the dry layer on the particles during the simulated process
with the injection of the Pharmacoat solution is shown. As soon as a particle has a liquid volume of
the Pharmacoat solution, the liquid begins to dry and a dry layer is formed. For this reason, there is
no dry layer in the first few seconds. Since the drying rate is constant, the average dry layer also
increases linearly over time. After 60 s, an average dry layer thickness of 0.05 µm on the particles is
reached. It must be taken into account that the assumed drying rate at 26 ◦C is quite low. Furthermore,
the coating process usually takes much longer than one minute to achieve the desired thickness of the
dry layer.
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5. Conclusions

A coating process in a rotor granulator was simulated with CFD-DEM considering capillary
and viscous forces between particles wetted due to the deposition of the liquid droplets or liquid
transfer during collision with wet particles or wall. A new coating model was implemented to take
into account a volume exchange of liquid during contact, as well as the drying of the liquid layer on
the particle. In order to take the liquid injection into account, a single-fluid nozzle is also simulated.
The droplets were generated as a second particle phase in DEM. The effect of the liquid injection on the
particle behavior was analyzed with four different cases: one dry case, two cases with different rates of
water injection, and one case of a solution of six mass percent of Pharmacoat 606 in water. The liquid
on the particles led to an increase of the average contact forces of the particle and average particle
velocity because of a better momentum transfer from the rotor plate to the wet particles, which stick
significantly longer to the rotating plate than in the dry case. Moreover, the average contact duration
increases considerably from the dry case to the wet cases. A double water injection led to more liquid
volume on the particles, resulting in a greater rupture distance and, therefore, in an increase in the
contact duration. In the first 40 s of the Pharmacoat injection, the average contact forces and the average
velocity of the particles are higher than in the cases with water injection. After that, the average contact
force and average velocity decreases over time and are lower at the end. The velocity distribution in
the case of the Pharmacoat solution differs significantly from the wet cases since the particles adhere
more often to the wall or the rotor, which results in a wider distribution. The average contact time
increases slightly compared to the first wet case due to the higher energy dissipation by greater viscous
forces caused by the higher dynamic viscosity of the Pharmacoat solution.
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