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Abstract

An Eulerian-Lagrangian Computational Fluid Dynamics (CFD) model was built to describe
two-fluid atomisation in a tapered fluidised bed coater using the air-blast/air-assisted atomiser
model. Atomisation was modelled both with and without the inclusion of the solid phase (i.e.
gas-liquid and gas-solid-liquid multiphase modelling). In addition, a multi-fluid flow model
(Eulerian-Eulerian framework) combined with a population balance model was used as an
alternative approach for modelling the spray produced by a two-fluid nozzle. In this approach,
the CFD solver couples the population balance equation along with the Navier-Stokes
equations for predicting the droplet diameter and mass fraction distribution. Comparison
between simulated spray pattern (gas-liquid model) and that experimentally visualised by
means of UV illumination was made and a good agreement was obtained. Parametric studies
were done in order to investigate the effects of operating conditions on spray cone and liquid

mass fraction inside the reactor. Furthermore, comparison of time-averaged fluidised bed
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behaviour with the inclusion of sprays obtained by both gas-solid-liquid multiphase modelling

methods is presented.

Keywords
Fluidisation, Computational Fluid Dynamics, Multiphase flow, Powder technology, Two-fluid

Atomisation, Population balance model

1. Introduction

Among a wide range of microencapsulation techniques, fluidised bed technology has been
successfully used for the coating of particulate solids due to its excellent mixing capabilities
and its optimal heat and mass transfer rates (Ronsse et al., 2007a, b). Fluidised bed coating is
an added-value technique whereby a pure active ingredient or mixture of ingredients, in solid
particulate form, is encapsulated a within a coating polymer. The aim of encapsulation is to
control release, to protect the core ingredients, to increase the overall product quality and to
increase the processing convenience. An aqueous or organic solvent-based solution containing
the coating polymer is continuously sprayed by means of a pneumatic or two-fluid nozzle,
which may be submerged in or positioned above the bed (Depypere ef al., 2009; Ronsse et al.,
2007b). In top-spray configuration, regarded as the most appropriate method to be
successfully used in the food industry due to its high versatility, relatively high batch size and
relative simplicity (Depypere et al., 2009), the two-fluid nozzles are usually positioned above
the bed, producing sprays of an aqueous solution of the coating material with a droplet size

ranging from 10 to 40 pm in order to coat particles (Hede et al., 2008; Ronsse et al., 2007b).

In top-spray fluidised bed coating, the basic operating principle consists of air suspension of

particles in the coating chamber, spraying of coating polymer solution as droplets with the
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objective of increasing the probability of particle-droplet impact, spreading of droplets on the
particle surface, droplet evaporation and layering or superposition of droplets on the particle
surface resulting in a homogeneous coating enveloping the core particles (Teunou and
Poncelet, 2002). In order to control process efficiency in fluidised bed coating using a model-
based approach, it is necessary to explore each phenomenon taking place in the system. As
described in previous works (Duangkhamchan et al., 2010; Duangkhamchan ez al., 2011), the
momentum transfer between the gas and solid phases was first modelled using various drag
coefficient models, in order to evaluate the appropriate drag model for the description of
fluidised bed behaviour (Duangkhamchan et a/., 2010). However, in that work, only
interaction between gas and solid phases with the absence of atomisation was taken into
account. Subsequently, the solids volume fraction was simulated including the effect of the
release of compressed air by the two-fluid nozzle in order to provide qualitative and
quantitative consistency of model simulations with experimental data (Duangkhamchan et al.,
2011). However, the liquid phase, being the sprayed droplets, was not yet included in the
latter study. Therefore, the next step — as outlined in this research article — is the addition of

the liquid phase to the existing fluidised bed CFD model.

To produce sprays in fluidised bed coating processes, pneumatic or two-fluid atomisation is
frequently used. In the mechanism of the two-fluid atomisation, as shown in Fig.1, a high
velocity gas impacts a liquid jet issuing from a nozzle orifice creating high shear force over
the liquid surface, leading to disintegration into spray droplets. The optimum frictional
conditions resulting from high relative velocity between gas and liquid are generated by
expanding the air to sonic or supersonic velocities before impacting the liquid (Hede er al.,
2008). When injected from the nozzle orifice, the liquid jet starts to make contact with the

mixing zone, expanding radially and squeezed into a thin circular sheet (Zeoli and Gu, 2006).
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The term “liquid sheet” is used for both flat and cylindrical jets as common nomenclature
(Hede et al., 2008). For more details about two-fluid atomisation, the reader is referred to

Hede ef al. (2008), Sridhara and Raghunandan (2010) and Varga et al. (2003).

[Insert Figure 1 here]

Currently, to design and optimise the fluidised bed coating process, spray conditions and the
operation of the two-fluid nozzle are identified as one of the most critical factors for the
whole process and in practice have to be trial-and-error tested in order to control spray
characteristics, including droplet size distribution, droplets trajectories and spray cone angle
(Hede et al., 2008; Ronsse et al., 2007b). Therefore, in order to reduce time consumption and
expensive cost of extensive experiments, many numerical approaches, for instance, Eulerian-
Eulerian CFD, Eulerian-Lagrangian CFD, and population balance modelling, etc., have been
developed as a powerful tool to comprehend or clarify the impact of different input variables

on process efficiency and to research and design work (Ronsse ef al., 2007b).

During the last few decades, CFD has been widely adopted in many industrial uses. In spray
application, various numerical methods, for instance, the volume of fluid (VOF) method and
the discrete phase method (DPM), have been developed to predict basic characteristics of
spraying nozzles (e.g., spray angle and droplet size distribution) and to predict droplet
trajectories. In the discrete phase method (Lagrangian framework), the droplet trajectory is
calculated individually using the equation of motion, whereas the volume of fluid or
multifluid method (Eulerian framework) is based on continuum mechanics which treat the

two phases as interpenetrating continua (Taghipour et al., 2005).
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For instance, for studying the two-fluid atomisation, instead of using only experimental PIV
to provide an instantaneous map of the entire velocity field, Hoeg et al. (2008) used Eulerian
CFD models to investigate the flow pattern of gas and liquid jets issuing from a two-fluid
nozzle. In that work, good agreement between model-predicted and experimental data was
found. Furthermore, Zeoli and Gu (2006) used the discrete phase model to simulate the
critical droplet breakup during atomisation producing fine spherical metal powders. To verify
their model performance, the liquid metal was initialised to large droplet diameters varying
from 1 to 5 mm. They found that the model could provide quantitative assessment for the
atomisation process. Pimentel ef al. (2006) improved the capability of CFD models to capture
liquid atomisation mechanisms of the two-fluid nozzle associated with the measured droplet
diameters to initialise the droplet size in the discrete phase model. Even though many
researchers have attempted to model droplet atomisation in various applications by means of
CFD, as seen in Behjat et al. (2010), Fuster et al. (2009), Gianfrancesco et al. (2010), Kalata
et al. (2009), Mezhericher et al. (2010), White et al. (2004) and Yamada et al. (2008), two-
fluid atomisation occurring in the fluidised bed coating process still needs to be explored,

considering the fact that the liquid is atomised in the presence of the fluidised solid phase.

In addition to the two approaches for modelling multiphase flow problems mentioned
previously, the population balance model has been introduced to the CFD community as an
alternative approach because of its reduced level of computational complexity (Aly et al.,
2009). Moreover, the model can be easily coupled with the Eulerian-Eulerian model which
eliminates the need for semi-empirical models employed in the Lagrangian framework (Aly et
al., 2009). Recently, the population balance model has been extensively used in liquid-liquid
and gas-liquid systems for modelling droplets and bubbles (Aly et al., 2010a, b). However,

only few studies can be found in droplet atomisation problems, especially in fluidised bed
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coating systems. The atomisation process occurring in a plain jet air blast atomiser (two-fluid
nozzle) was first investigated using the combination between a population balance model and
a CFD Eulerian multi-fluid model by Aly et al. (2009). In that work, although the model
obtained good agreement with experimental data, improvement still needed to be done.
Therefore, Aly et al. (2010a, b) developed a new mathematical model for calculating droplet
breakup frequency, instead of using a constant value, based on both drag and turbulence

induced fragmentation stresses. Good agreement with the experimental data was achieved.

The main objective of this work is to present a CFD model of droplet atomisation of a two-
fluid nozzle in the fluidised bed coating process, and to integrate it with existing gas-solid
CFD models for fluidised bed coating processes as described by Duangkhamchan ez al. (2010,
2011). Furthermore, the alternative numerical approach to describe two-fluid atomisation
using population balance modelling combined with the Eulerian CFD framework is also
demonstrated. Finally, the impact of process variables on spray characteristics and
comparison of model-predicted distribution of voidage and liquid volume fraction obtained by

two approaches are assessed.

The results presented in this paper are part of a research project aiming at modelling the
complete top-spray fluidised bed coating process using CFD, with the global aim of
understanding the process fundamentals and to provide the insight for optimising process
control and reactor design. The modelling of the complete coating process requires several
aspects to be studied in more detail and consequently, the research was split up into four parts,
pertaining to the modelling of these aspects. First, a CFD model with appropriate selection of
a drag model was constructed to allow the accurate prediction of gas/solid behaviour in

tapered fluidised beds (Duangkhamchan er al., 2010). Next, the effect of the release of
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compressed air — to assist in the atomisation of the coating solution — on the hydrodynamic
behaviour of the fluidised bed was studied (Duangkhamchan et al., 2011). The third part and
also the subject of this research paper, deals with the hydrodynamic modelling of the liquid
spray in the gas/solid fluidised bed. Finally, the overall CFD model will be concluded by
adding the heat and mass transfer (i.e. evaporation of the binder solution in the droplets and as

deposited onto the particles).

2. CFD model description

2.1. Discrete phase model (DPM)

In addition to solving transport equations for the continuous phases (i.e. gas and solids), a
discrete phase of droplets was simulated in a Lagrangian framework. The trajectories of these
discrete phase entities were computed individually. The coupling between the phases and its

impact on both the discrete phase trajectories and the continuous phase flow was included.

2.1.1 The Euler — Lagrangian approach

In the Euler-Lagrangian approach, the gas and solid phases are treated as continuous phases
by solving the time-averaged Navier-Stokes equations, while the dispersed phase (liquid
phase) is solved by tracking a large number of droplets through the calculated flow field. The

discrete phase can exchange momentum with the fluid phase.

Continuous phase model

Each volume within the mesh is simultaneously solved in an Eulerian frame of reference to
obtain the gas flow field with the use of general conservation equations, as summarised below

and described in more detail in Duangkhamchan et al. (2010, 2011).
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The conservation of mass of phase ¢ (¢ = either gas or solid) is described as

g( qpq)—'—v'(aqpqvq)zo (1)

where o4 is the phase volume fraction, pq the density and v, the velocity of phase g.

The following equation describes conservation of momentum for the fluid phase /:
0 - o _ _ -
a(alplvl)_{_ V- (alplvlvl): V-1 +op g + K, (Vl — Vs ) (2)

In Eq. (2) is (\71 —\78) the slip velocity between the phases, where the subscript / denotes the

fluid phase and s indicates the solid phase. Kjs denotes the drag force coefficient relevant to

the phases / and s, p stands for the pressure and 7, the deviatoric effective stress tensor of

fluid phase.

Discrete phase model

The discrete phase model was solved in a Lagrangian frame of reference to simulate the spray
pattern which is predicted by tracking the droplet trajectories by integrating the force balance

of the particle (Newton’s second law) (Behjat ef al., 2010; Pimentel ef al., 2006),

ﬁ_ = g(pp_pp)
R @)

where FD is the drag force per unit particle mass,
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Here, v, is the gas phase velocity, v, is the droplet velocity, p, is the gas density, p, is the

droplet density and d, is the droplet diameter. Cp is the drag coefficient estimated using the

correlation proposed by Morsi and Alexander (1972).

2.1.2 Air-blast/air-assisted atomiser model

Among the five atomiser models available in FLUENT, namely the plain-orifice, pressure-
swirl, flat-fan, effervescent/flashing and air-blast/air-assisted atomiser models, the latter was
found to be the suitable model for the two-fluid nozzle in this work due to similar atomisation
mechanism. The air-blast/air-assisted atomiser model predicts droplet formation in those
atomisers where an additional air stream is used to accelerate the breakup of the liquid sheet
formed by the nozzle into droplets. In this case, droplet formation is characterised by the
production of a liquid sheet, which further breaks up into ligands which finally disintegrate

into droplets as shown in Figure 1.

In order to determine the liquid sheet thickness, the effective mass flow rate, 71, defined as

. 2T m
iy = 2 )

is used. In this equation, A¢ is the difference between the azimuthal stop angle and the

azimuthal start angle, which was 2n for the nozzle type considered in this study (circular
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liquid sheet). Here, 7iis the liquid mass flow rate (kg s™) and hence, was equal to Mg .

Therefore, the thickness of sheet (mm), dg,, produced by the air-blast/air-assisted atomiser can

be approximated by relating the mass flow rate as

My = P vidy, (dinj - dsh) (6)

where p; is the liquid density (kg m'3), vy is the axial velocity component of the liquid at the
nozzle orifice (ms™) and dinj 1s the diameter of the liquid orifice. In Eq. (6), the effective mass
flow rate is expressed as the liquid density (p;) multiplied with the liquid velocity (v;) and

with the cross-sectional area of the circular liquid sheet with diameter (dinj — dsn) and sheet

thickness dp,.

Owing to the instability of the liquid sheet, the sheet breaks up and ligaments will be formed

(Figure 1) whose length is given by

(7

where Ly, is the ligament length (mm), Cy, denotes a sheet constant assumed to be responsible
for sheet breakup, vy, is the total velocity of the liquid sheet and Q is the maximum growth
rate (s) and is found by numerically maximising the dispersion relation based upon the
growth of sinuous waves on the liquid sheet (Schmidt ez al., 1999). For short waves, the
ligament diameter is assumed to be linearly proportional to the wavelength that breaks up the

sheet,
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dlg Kr (8)

where Cj, is the ligament constant, and K'is the wave number (m™) corresponding to the

maximum growth rate, (2. For more details concerning the air-blast/air-assisted atomiser

model, the reader is referred to Ansys Inc. (2009b).

2.2 Multi-fluid flow model combined with population balance model (MFM-PBM)

In this approach, a conservation equation called the population balance equation is solved
along with the Navier-Stokes equations in order to calculate the droplet diameter (Sauter
Mean Diameter, SMD, which is commonly used to characterise droplets in spray modelling)
and subsequent transport throughout the atomisation process. The population balance equation
is a statement of continuity that describes how the statistical distribution of one or more
droplet-related variables changes with time and space (Peglow et al., 2007). If the fraction of
droplets with volume V" at time ¢ is given by the number density function n(V, f), then the
change in number of droplets with volume V" as a result of larger droplets with volume 17,
fragmenting into droplets with volume /" and the subsequent fragmentation of droplets with
volume V into smaller droplets, is given in the population balance equation as (Ansys Inc.,

2009a):
Gt PR o ) B W 0 A ) e (O ) ©)

In the above equation, only droplet fragmentation or break-up was considered while droplet
coalescence was assumed to be negligible since sprays in the fluidised bed coating process are

considered to be dilute. Furthermore, droplet breakup was assumed to be binary, i.e., when a
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droplet with volume »” breaks up, it forms two new droplets with volume V and (J’—V). The
terms on the left hand side of Eq. (9) are the rate of change of the number density function
and its convective derivative, respectively, while the terms on the right hand side represent the

birth rate and the death rate terms resulting from droplet breakage (Ansys Inc., 2009a).

In Eq. (9) g(V") is breakage frequency, being the fraction of droplets of volume /" breaking
per unit time (s™) and B(V/V") is the droplet breakage kernel and expresses the probability that
a droplet with volume ¥ originates from the binary fragmentation of a droplet with volume /.

Hence, the first term on the right hand side of Eq. (9),

[,20B0 vy, av’ (10)

represents the rate of formation, or birth rate, of droplets with volume V' from breakage of

droplets with volume V> (V' < I’ < ). The second term on the right hand side of Eq. (9),

gV )n(v 1) (11)

expresses the rate at which droplets with volume V' disappear from the system due to

fragmentation in smaller droplets, hence the term death rate.

Many methods, like for instance the Monte Carlo method (Lasheras et al., 2002; Ronsse et al.,
2007a), the discrete method (Aly et al., 2009; Lasheras et al., 2002), the quadrature method of
moments (Marchisio et al., 2003), and the direct quadrature method of moments (Madsen,

2006), are widely used in order to solve the population balance equations.
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Due to the advantages of computing the droplet size distribution directly and the assumption
of a small number of size intervals and the size distribution, in this work the discrete method
(also known as the class method as referred to in this paper) was used to discretise the droplet
population into a finite number of size intervals, #. In the class method, assuming that
aggregation is negligible for dilute sprays, the population balance equation is written in terms

of volume fraction of droplets with size class i (Aly et al., 2010; Aly et al., 2009):
Q(Ppai)JfV'(vaiaiFppVi(Bi -D,) (12)
ot

where Vi is the size of droplets in size class i, p, is the density of the droplet phase and o, is

the volume fraction of droplet size class i defined as
a, =NV, i=0,1,.,n-1 (13)

where A, is the total number of droplets per size class, and is given by

N, = ")y (14)

The droplet birth rate resulting from droplet breakage, Bi, and death rate term, D;, in Eq.(12),

are defined as

B =" W )l v,N, (15)

D, =g(V,)N, (16)
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In this study, breakage kernel and breakage frequency in the death and birth rate terms in Egs.
(15) and (16) were similar to those used in Aly ef al. (2009): the breakage kernel
corresponded to a case where equal droplet fragments are distributed to all daughter size bins,
while a constant frequency of 2000 Hz — a number corresponding to the reciprocal of the

mean characteristic time scale of turbulence eddies — was chosen for the breakage frequency.

In order to solve the number density function, the population balance equation is linked to the
Eulerian CFD model via a two-way coupling procedure. In this procedure, the velocity v; is
calculated in the Eulerian framework and then substituted into the population balance
equation in order to compute the mean droplet sizes (SMD) which are then returned to the
Eulerian solver to calculate the phase interaction such as the momentum exchange. Heat and

mass transfer were not taken into account in this work.

3. Materials and methods

3.1. Overview of the numerical method

In this work, in addition to the discrete phase model (DPM) which has been widely used to
describe droplet atomisation, the basic class method of population balance model combined
with the multi-fluid phase model (MFM-PBM) was used to simulate the two-fluid
atomisation. For both approaches, the 3-D geometry of a laboratory-scale Glatt GPCG-1
fluidised bed (Glatt GmbH, Germany) together with the two-fluid nozzle were meshed using
Gambit 2.2.30 (Ansys Inc., Canonsburg, PA). A hybrid hexahedral-tetrahedral grid,
containing 473 083 elements, was exported into the solver software, Ansys Fluent v.12

(Ansys Inc., Canonburg, PA). The grid is displayed in Fig. 2.
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Flow turbulence was simulated using the standard k—& model with standard wall functions,
which has proven to result in good agreement with experimental data for this type of fluidised
bed reactor geometry and solids material, as demonstrated in Duangkhamchan et al. (2010,
2011). First order upwind schemes were selected for the convection terms and the relation
between velocity and pressure corrections was calculated using the phase-coupled SIMPLE

algorithm.

In order to model the droplet atomisation and the droplets’ interaction with the gas and solid
phases, the numerical setup was separated into four sections corresponding to two approaches

as follows:

¢ modelling droplet atomisation in a gas phase using the discrete phase model

e modelling droplet atomisation in a gas-solid flow by means of the discrete phase
model combined with the multifluid flow model

e modelling droplet atomisation in a gas phase using the population balance model
combined with the multifluid flow model

e modelling droplet atomisation in a gas-solid flow using the population balance model

coupled with the multifluid flow model.

[Insert Figure 2 here]

3.2. Modelling the two-fluid atomisation using the DPM
3.2.1. Two-phase flow model (gas-liquid DPM model)
First, model parameters associated with the air-blast/air-assisted atomiser model were

calibrated using published industrial data of the mean droplet diameter for the nozzle used in
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the Glatt GPCG-1 fluidised bed unit (Model 970-S1, Diisen-Schlick GmbH). In order to
compare the calculated droplet sizes to the published industrial data, spray injections (water)
at atomisation air pressures of 1.0 and 3.0 bar were simulated in a stagnant-air cylinder

geometry.

Multiple simulations with variation of spray sheet thicknesses (ds,) of 0.4, 0.7 and 1.0 mm,
sheet constants (Cyn) of 14, 15 and 16, and ligament constants (Ci,) of 0.5, 0.7 and 0.9, were
performed. After calibration of the air-blast atomiser model, the model was employed to study
the atomisation in the geometry of the laboratory-scale fluidised-bed. Fluidisation air flow
rates similar to those used in the previous works (Duangkhamchan et al., 2010, 2011), namely

55,76 and 97 m’hr”', were selected. Other process variables are presented in Table 1.

[Insert Table 1 here]

3.2.2. Three-phase flow model (gas-solid-liquid DPM model)

A CFD model including all three phases and their interactions — i.e. momentum transfer — was
developed to evaluate the impact of injection parameters. In this model, the water droplets
were considered to be a separate phase in addition to the gaseous and solid particle phases in
order to better describe the complex process of liquid spray inside the fluidised bed reactor.
Interactions between gas and solid phases were solved in the Eulerian-Eulerian framework,
including the modified-Gidaspow drag coefficient as employed in Duangkhamchan et al.
(2010), while the trajectories of injected droplets were simulated by solving the equations of
motion of individual dispersed phase entities. For fluidisation, the properties of 1 kg of glass
beads were used (Depypere et al., 2009) as listed in Table 2, along with the boundary

conditions and simulation parameters.
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[Insert Table 2 here]

3.3. Modelling two-fluid atomisation using the MFM-PBM

3.3.1. Two-phase flow model (gas-liquid MF M-PBM model)

The unsteady pressure-based solver in Ansys Fluent v.12 was used with the Eulerian
multiphase model coupled with the discrete population balance model in order to simulate
water droplet atomisation through the two-fluid nozzle. Assuming that sprays are dilute,
turbulence was modelled using the dispersed k-¢ turbulence model. To ensure solution
convergence behaviour within each time step, a small time step of 10 s was chosen. The
velocity boundary conditions for water and atomising air are shown in Table 1. As the use of
compressed air in the two-fluid nozzle produces droplets with a size ranging from 10 to 40
um (Lefebvre, 1989), in this work, the droplet population was discretised into 7 size classes
with a diameter ranging from 10 to 40 pm. The breakage kernel was computed to represent a

case where droplet fragments are distributed to all daughter size bins.

3.3.2. Three-phase flow model (gas-solid-liquid MFM-PBM model)

Instead of solving the motion of injected droplets separately in the Lagrangian discrete phase
model, the gas, droplets and solid particles were treated as interpenetrating continua in the
Eulerian framework. The gas phase was considered to be the primary phase, whereas the
droplets and solid particle phases were the secondary phases. To track the droplet diameter in
the Eulerian solver, the number density function was solved using the class population

balance method (see Section 2.2).

3.4. Experimental spray visualisation
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3.4.1. Measurement set-up

Spray visualisation experiments were performed in a transparent, polycarbonate reactor with
similar dimensions to the Glatt GPCG-1 fluidised bed coating reactor. The tapered reactor had
a bottom diameter of 0.15 m, a top diameter of 0.30 m and a total height of 0.56 m. The
reactor shell material consisted of 5 mm thick polycarbonate. Fluidisation air was provided by
a 2.2 kW high pressure centrifugal fan (Ventomatic CHT160-2T-3, Belgium) equipped with
electronic frequency control (Figure 3). The volumetric air flow rate was measured between
the fan and the reactor inlet by means of a 0.1 m diameter rotating vane flow meter (Airflow

Developments, VMD20, UK).

The air distributor used in the fluidised bed reactor consisted of a Robusta 172x36 wpi (wires
per inch) wire mesh (Sporl KG, Germany). The pneumatic nozzle (Schlick Model 970-S1,
Germany), normally used in the Glatt GPCG-1, was installed in the lower nozzle port of the
transparent reactor. The spraying liquid was water with an added fluorescent dye, being
sodium fluorescein salt (Sigma-Alldrich) and was transported to the pneumatic nozzle by

means of a peristaltic pump (Watson-Marlow, 505 Du/RL, US).

The spray cone produced by the pneumatic nozzle was visualized by means of UV
illumination by directing a 400 W UV spotlight 0.5 m above the reactor outlet. [llumination
through the open reactor outlet proved to be most efficient, as the polycarbonate reactor shell
material had some UV absorbing capacity. The illuminated spray was recorded by a digital
camera (Olympus i-Speed 1) at 60 fps (800 x 600 pixel size), and stored in an uncompressed

video format (AVI).

[Insert Figure 3 here]
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3.4.2. Data processing

To visualise the spray cone, post-processing of the captured image data was necessary (i.e.
contrast enhancement). The uncompressed frames captured by the video camera can be
considered to be matrices holding the pixel intensity values (between 0 and 1), A4;, with
subscript 7 indicating the frame number (i.e. 60 per recorded second of video) and having
dimensions of 800 by 600. As the recording is triggered at the moment of activating the
peristaltic pump, an initial number of frames, b, is recorded without spray, i.e., before the

development of the actual spray cone. Of these b frames, an average, 4, is calculated which

serves as a reference blank frame which will be subtracted from the actual spraying frames,

, 1w
A== 4 (17)

The actual frames to be used for visualisation were taken after the steady-state spraying cone
had developed, which are denoted by frames A; with m < i < n. The contrast enhancement of
each of the frames during steady-state spraying consisted of two steps. First, the reference

blank frame was subtracted from the spraying frame A4; resulting in A4, and second, each

frame matrix was multiplied with a scalar so the pixel with the highest intensity value in 4;

reached unity (i.e. maximum intensity) — with the new resulting matrix denoted as Fi:

Ai": Ai - Al;

E =x-A'< max(E )=1 (18)

mSiSn—){

Finally, the average matrix of all E; with m < i < n was taken and used as the contrast-

enhanced spray visualisation image,
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o D E, (19)

4. Results and Discussion

4.1. Air-blast/air-assisted atomiser model calibration

Several simulations with different spray injection setups were performed in order to calibrate
the air-blast atomiser model as outlined in Section 3.2.1. The measured mean volume droplet
diameters at 1.0 and 3.0 bar atomisation pressure (data supplied by Diisen-Schlick GmbH)
were compared with simulated mean droplet sizes while the ligament constant, the sheet

constant and sheet thickness were varied.

Figure 4 shows the simulated versus experimental mean droplet sizes at 3.0 bar atomisation
pressure and using different values for the ligament constant, Ci,. It can be observed that the
spray injection characterised by using a ligament constant, Cj, of 0.9, gave the best agreement
with the experimental mean droplet diameter. With respect to variation of the sheet constant
(Csh) and the sheet thickness (dyn), no significant differences in model-predicted droplet
diameter distribution were observed. Similar trends were seen from simulations with 1.0 bar
atomisation pressure and consequently, the following calibrated air-blast atomiser model
parameters were used in subsequent simulations: Ligament constant, Cig = 0.9 and standard

values for sheet constant, Cy, = 15 and sheet thickness, dg, = 0.7 mm.
[Insert Figure 4 here]

4.2. Two-phase (gas-liquid) model of droplet atomisation in the fluidised bed coater

4.2.1. Discrete phase model (gas-liquid DPM)
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Using calibrated atomiser model parameters, the spray was modelled using DPM inside the
geometry of a fluidised bed coater, as detailed in Table 2 and Figure 2. The effects of
fluidisation air flow rate, atomisation air pressure and liquid feed rate — as outlined in Table 1

— on spray characteristics were simulated.

Figure 5 demonstrates the contour plots of droplet mass fraction at different atomisation air
pressures. It can be seen that the spray pattern did not change with increasing atomisation air
pressure. When considering the impact of fluidisation air flow rate, as detailed in Figure 6,
higher flow rates were seen to reduce the diameter of the spray cone and to lower the droplet
mass fraction in the reactor. This can be explained by the fact that, at higher fluidisation air
flow, droplets are easier lifted out of the reactor. However, it is important to stress that the
DPM model in its current state did not include droplet evaporation (no energy equation).
Consequently, the length of model-predicted droplet trajectories is likely to be overestimated
compared to the actual process, where droplets are subjected to spray drying. Finally, the
effect of liquid feed rate on the droplet mass fraction distribution is shown in Figure 7. At
higher liquid feed rates, more droplets can be produced. Due to the higher amount of spray

issuing from the nozzle in Figure 7c, the spray cone shape can obviously not be characterised.

[Insert Figure 5 here]
[Insert Figure 6 here]

[Insert Figure 7 here]

4.2.2. Multi-fluid flow model combined with population balance model (gas-liquid MFM-

PBM)
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Figure 8 shows the distribution of the Sauter mean droplet diameter (SMD) and droplet
volume fraction in the geometry of the fluidised bed coater, as predicted by the MFM-PBM
gas-liquid model under reference scenario conditions as outlined in Table 1. From this figure,
it can be observed that the mean droplet sizes decreases continuously as the droplets depart

from the liquid orifice of the nozzle until they reach the air distributor.

[Insert Figure 8 here]

Comparison of the droplet volume fraction as shown in Figure 8b with the droplet mass
fraction from the DPM model gives a moderately good agreement (same order of magnitude
if mass fraction is converted to volume fraction). The exception is a more narrow spray cone
that was predicted by the MFM-PBM model. Furthermore, as the droplets were treated as a
continuum in the MFM-PBM model, the droplet phase was seen to deflect from the air
distributor at the bottom of the reactor (Figure 8b). This effect is not visible as such in the
DPM results (Figure 5b), because in the DPM algorithm, droplet tracking was ended when a
droplet impacted on the boundaries of the reactor geometry. Given these results, the MFM-
PBM can be opted for as an alternative approach to model the atomisation of the two-fluid
nozzle, considering advantages including minimum level of computational complexity, ease
of coupling with the Eulerian-Eulerian CFD model and eliminating the need for semi-

empirical models employed in the DPM model (Aly et al., 2009).

Simulations with varying liquid feed rate, atomisation air pressure and fluidisation air flow
rate were also performed. However, significant differences in droplet size distribution were
not predicted by the MFM-PBM model with respect to process condition dependency. This

observation is not consistent with both numerical and experimental studies reported in
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literature (Hede et al., 2008; Lal et al., 2010; Lebas et al., 2009; Liao and Lucas, 2009; Liu et
al., 2006; Sridhara and Raghunandan, 2010). The possible explanation of this inconsistency is
the assumption of a constant breakage kernel and breakage frequency in this study. In reality,
breakage depends on droplet properties including size, as well as on local turbulences in the
flow field. Consequently, improvement in model accuracy of the MFM-PBM model could be
achieved if the breakage frequency and kernel are made dependant on (i.e. ‘sensitised to’) the

droplet Weber and local Reynolds numbers (Aly et al., 2009; Aly et al., 2010a, b).

4.3. Spray pattern validation (gas-liquid two-phase flow)

Spray visualisation images combined with UV illumination as a function of atomisation air
pressure are presented in Fig. 9. The effect of fluidisation air flow rate, varied within the
interval outlined in Table 1, showed no observable difference in spray pattern. Regarding
atomisation air pressure, higher air pressure not only resulted in a narrower spraying cone, but
also resulted in a slightly asymmetric spraying cone, as shown in Fig. 9d. The asymmetry is
likely due to the higher volume of expanding atomisation air (for P, = 3 bar) in combination
with the asymmetric construction of the reactor resulting from the one-sided nozzle support

(not shown in Fig. 9).

[Insert Figure 9 here]

When the experimental results are compared with the model-predicted spray patterns, a
qualitative agreement was obtained with the DPM or MFM-PBM predicted results. However,
DPM gave better agreement compared to MFM-PBM including a wider spraying cone and
much less deflection of the spray at the base of the reactor. As already stated in Section 4.2.2.,

as opposed to the MFM-PBM, the DPM can effectively account for droplet-wall collisions
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which corresponds with the actual (experimental) process, where most of the droplets were

seen to adhere onto the wire mesh air distributor at the base of the reactor.

4.4. Three-phase (gas-solid-liquid) model of droplet atomisation in the fluidised bed coater
4.4.1. Discrete phase model (gas-solid-liquid DPM)

Figure 10a shows the contour plot of the time-averaged steady-state voidage, taken over a
simulated time period of 10s. The initial 5s of the simulated process were discarded to avoid
the start-up fluidisation behaviour. As can be observed in Fig. 10a, in the central part of the
reactor, the region under the nozzle is occupied by the hollow atomisation cone. In this zone,
the solid particles have to be lifted by the fluidising air against the counterforce of the
atomisation air resulting in a voidage (Duangkhamchan et al., 2011), while a denser zone can
be noticed in a radial area between the nozzle atomisation air cone and the reactor walls. It
could be explained that particles move predominantly upwards in the centre to the above bed
region (about 12 cm high above the air distributor), then move radially towards the walls and
downwards along the walls. This particle flow behaviour was confirmed by experimental

results obtained by Positron Emission Particle Tracking (PEPT) (Depypere et al., 2009).

[Insert Figure 10 here]

Fig. 10b confirms that the contacting between the droplet and fluidising particles occurs at the
central part of the vessel. Fig. 10b demonstrates the droplets tracked at 15s. The calculated
droplet tracks revealed that droplets moved downwards along with the atomisation air cone
until facing the counter-current fluidising solid particles. Considering the absence of
phenomena including droplet evaporation and droplet/solids adhesion, the DPM algorithm

continues to track the droplets until they exit the reactor at the top or impact one of the reactor
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geometry boundaries. In reality, the majority of the droplets adhere onto the fluidised
particles, contributing to the layered growth of the coating wall around the individual core
particles. Also, in an actual fluidised bed coating process, the majority — typically > 70 %
(Romsse ef al., 2008) — of water in the coating solution is evaporated after the droplets have
impacted the surface of the fluidised core particles. Only a minority of the water is evaporated
during droplet travel between the nozzle and the impacting particle surface. Consequently,
there will be a minimal impact of the droplet size reduction as a result of droplet drying on the
droplet dynamics (i.e. altered drag force, reduced droplet mass) and the resulting droplet

trajectories.

4.4.2. Multi-fluid flow model combined with population balance model (gas-solid-liquid
MFM-PBM)

Comparison between the gas-solid-liquid phase DPM and MFM-PBM model-predicted
results is shown in Figure 10a-d. As can be seen in Fig. 10a and 10c, the model-predicted
time-averaged steady-state voidage profiles of both models have a strong agreement. Also,
when considering the model-predicted distribution of droplets within the fluidised bed (Figs.
10b and 10d), and specifically the penetration depth of the droplets in the bed, the MFM-PBM

predicted results are consistent with those from the DPM.

5. Conclusions

As a powerful numerical tool for solving fluid flow problems, CFD was used to model the
important aero- and hydrodynamic aspects of a fluidised bed coater, including the gas, liquid,
and solid phases using two approaches: Eulerian-Lagrangian and combined Eulerian-
Eulerian/population balance model. In the discrete phase model (DPM), the calibrated air-

blast/air-assisted atomiser model was used as and the effects of process variables on spray
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flow and its mass distribution were studied. It was, in the gas-liquid DPM model, that the
spray cone and liquid mass fraction change with the variation of fluidisation air flow rate,

atomisation air pressure and liquid feed rate.

The population balance model combined with the Eulerian-Eulerian CFD model was
employed as an alternative approach to describe the two-fluid atomisation and the impact of
process variables. The gas, droplets and solid particles were modelled by treating all phases as
interpenetrating continua in the Eulerian framework, while the class population balance model
was used to track the droplet diameter. The simulated results showed that even though this
approach could be opted for instead of the DPM model to capture the two-fluid atomisation
and interaction between phases, improvement of the population balance model by for instance
including more accurate breakage kernels (i.e. depending on Weber and Reynolds numbers)
has to be carried out. When evolving from a gas-liquid to a gas-solid-liquid CFD model,
consistency between the DPM and the population balance model in the Eulerian framework
was shown to improve. Consequently the MFM-PBM approach was considered to be a viable

alternative in the CFD modelling of gas-solid-liquid systems, including fluidised bed coaters.

Finally, given the absence of thermodynamics in the presented model, effects such as droplet
evaporation could not be captured with the CFD model in its current state. Future work will
comprise the addition of the energy equation for the description of heat transfer phenomena,
as well as droplet evaporation and to tie together all phenomena occurring in the gas-liquid-
solid multiphase system into a single comprehensive CFD model, suitable for accurately
describing fluidised bed coating processes with the aim of improving process understanding

and optimising the coating process in terms of process conditions and reactor design.
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Nomenclature

A,A’, A", E  Image intensity matrices

B Birth rate, s

C Constant

D Death rate, s™!

d diameter, m

F Force per unit mass, N kg'1

g Acceleration due to gravity, ms™
g() Breakage frequency, s™

K Interphase momentum exchange coefficient, kg m3s?!
K Wave number corresponding to the maximum growth rate, m’
L Length, m

m Mass flow rate, kgs™

n() Number density function

p pressure, Pa

Re Reynolds number, dimensionless
t Time, s

v velocity, ms™

/% Volume, m’

vV Volumetric flow rate, m’s™

X Scalar

Greek symbols

o Volume fraction, dimensionless

BC) Probability density function, kernel function
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Subscripts

at

q

sh

Density, kgm™

Deviatoric stress tensor, kgm™'s™
Dynamic viscosity of gas, kgm's™
Angle, rad

Maximum grow rate, s-1

atomisation

solid or gas phase
initial

drag

effective
fluidisation

gas phase

class or integer
injector exit

fluid phase

solid phase
ligament

particle or droplet

sheet
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atomisation air pressures: 1.0 bar (a-c) and 3.0 bar (d-e). Boundaries are
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liquid MFM-PBM model-predicted time-averaged steady-state liquid volume

fraction.

Process variables used in this study (* indicates reference scenario).

Boundary conditions and simulation parameters.



Figure 1 ACCEPTED MANUSCRIPT

Figure 1. Schematic overview of the two-fluid nozzle (a) and the mechanism of droplet

atomisation (b), adapted from Salman et al. (2007) and Spray Drying Systems Co. (2000).
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Figure 2 ACCEPTED MANUSCRIPT

Figure 2. Meshed geometry of a conical Glatt GPCG-1 reactor together with the two-fluid

nozzle.
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Figure 3

Figure 3. Spray visualisation setup.
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Figure 4

Figure 4. Effect of ligament constant, Cj;, on the model-predicted mean volume droplet

diameter, compared against the experimental droplet size, as provided by Diisen-Schlick.
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Figure 5 ACCEPTED MANUSCRIPT

Figure 5. Contour plots of model-predicted (gas-liquid DPM) droplet mass fractions at
atomisation air pressures of (a) 1.0 bar, (b) 2.0 bar (reference scenario, see Table 1) and (c)

3.0 bar.
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Figure 6 ACCEPTED MANUSCRIPT

Figure 6. Contour plots of model-predicted (gas-liquid DPM) droplet mass fractions at
fluidisation air flow rates of (a) 55 m’hr”', (b) 76 m’hr”' (reference scenario, see Table 1) and

(c) 97 m’hr".
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Figure 7 ACCEPTED MANUSCRIPT

Figure 7. Contour plots of model-predicted (gas-liquid DPM) droplet mass fractions at liquid
feed rates of (a) 0.5x10™ kg s, (b) 1.0x10™ kg s (reference scenario, see Table 1) and (c)

1.5x10* kg s™.
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Figure 8

Figure 8. Simulated distribution of the droplet Sauter mean diameter, in m (a) and droplet
volume fraction (b) using reference scenario conditions, as outlined in Table 1, as predicted

by the gas-liquid MFM-PBM model.
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Figure 9

Figure 9. Comparison of the visualised spray pattern (a, d) with the gas-liquid PBM model-
predicted mass fraction contours (b, e) and with the gas-liquid MFM-DPM model-predicted
volume fraction contours (c, f). Results plotted for two atomisation air pressures: 1.0 bar (a-c)
and 3.0 bar (d-e¢). Boundaries are indicated with ‘w’ for reactor walls, ‘d’ for air distributor

and ‘n’ for nozzle.
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Figure 10

Figure 10. Comparison between (a) contour of gas-solid-liquid DPM model-predicted time-
averaged steady-state voidage, (b) gas-solid-liquid DPM model-predicted droplet tracks at t =
15s, (c) contour of gas-solid-liquid MFM-PBM model-predicted time-averaged steady-state
voidage and (d) contour of gas-solid-liquid MFM-PBM model-predicted time-averaged

steady-state liquid volume fraction.
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Table 1

Table 1. Process variables used in this study (* indicates reference scenario).

Process variables Value
Fluidisation air flow rate, ¥, (m’hr") 55, 76%, 97
Atomisation air pressure, Py (bar) 1.0,2.0% 3.0

Liquid feed rate, M, (x10* kgs™) 0.5,1.0% 1.5




Table 2

Table 2. Boundary conditions and simulation parameters.

Descriptor Value
Primary phase (continuous) Gas
Secondary phase (continuous) Glass beads
Discrete phase Water droplets
Solids particle size, ds (um) 196.54
Solids density, ps (kg m™) 2467
Solids loading, M (kg) 1

Gas phase density, p, (kg m™) 1.225
Liquid phase density, p, (kg m'3) 998
Reactor bottom diameter (m) 0.15
Reactor top diameter (m) 0.30
Reactor height (m) 0.56




Highlights:

e Multiphase computational fluid dynamics model was built for fluidised bed coating

e Gas-solid fluidisation modeled in the Eulerian framework

e Two-fluid atomisation was described by discrete phase and population balance models

e Gas-liquid model-predicted spray pattern experimentally verified using UV illumination

e Population balance modelling proved viable alternative to discrete models





