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Abstract
Spouted beds are well known for their good mixing of the solid phase and for their intensive heat
and mass transfers between the fluid phase and the solid phase. Nearly isothermal conditions are
enabled which is of advantage for the treatment of granular solid materials in granulation,
agglomeration or coating processes. In this work the hydrodynamic behaviour of a novel spouted
bed apparatus with two horizontal and slit-shaped gas inlets is investigated by high-frequency
recordings of the gas phase pressure fluctuations over the entire bed. The hydrodynamic stable
operation domain, which is of importance for operating the apparatus, will be identified and
depicted in the Re-G-Ar-diagram by Mitev [1]. Another focus of this work is the simulation of the
spouting process by application of a continuum approach in FLUENT 6.2. The effect of the
frictional stresses on the hydrodynamic behaviour is examined by performing simulations with and
without consideration of friction. The angle of internal friction φi in Schaeffer`s [10] model will be
varied and the simulation results will be compared with experiments. It was found that the influence
of friction is not very big by application of the quite simple and empirical frictional viscosity model
by Schaeffer [10] basing on soil mechanical principles. Also the simulation results under negligence
of friction were similar to those under consideration of friction. Another part of this work is the
industrial application of the novel spouted bed in granulation and coating processes. Compared to
classical fluidized beds, a much narrower particle size distribution, a higher yield and a higher
product quality was obtained in the novel spouted bed.
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1. Introduction
Recently the importance of the spouted bed technology has significantly increased in the context of
drying processes as well as granulation, agglomeration or coating. The main difference of spouted
beds in comparison with conventional fluidized beds is the variable cross section area of the
apparatus as function of the apparatus height. Contrary to fluidized beds where particle motion
happens randomly, the particles in spouted beds perform a continuous circulating motion. Thus,
more defined heat- and mass transfers provide excellent conditions for the injection of liquids
yielding a higher product quantity and quality in industrial applications. The knowledge of the
stable hydrodynamic operation range of the spouted bed, which is smaller compared to conventional
fluidized beds, is of importance for operating the apparatus. The first part of this work deals with
the experimental investigation of the hydrodynamic behaviour of a novel prismatic spouted bed
apparatus with two horizontal and slit-shaped gas inlets. By measured gas phase pressure
fluctuations and Fourier analysis on these spectra, the hydrodynamic stable operation range will be
identified and depicted in the dimensionless Re-G-Ar-diagram by Mitev [1]. The particle system,
the gas throughput and the cross section area of the gas inlets (by rotation of the cylinders for gas

flow regulation) will be varied. With the results of this work, a comparison will be made with stable
operating ranges of other fluidized beds and spouted bed apparatuses, which already have been
characterized by several authors (Kojouharov [2]; Mitev [1]; Piskova [3],[4]).
Modelling of spouted beds by means of modern simulation tools, like discrete particle models or
continuum models, has become a precious opportunity to understand the complexity of multiphase
flows in these apparatuses. In this work, two-dimensional continuum simulations of this novel kind
of spouted bed with adjustable gas inlets are presented. Recently Gryczka et al. [5], [6], [7]
performed CFD continuum simulations in this spouted bed testing different gas-particle drag
models and studied the influence of the coefficient of restitution on the hydrodynamic behaviour.
They found a qualitative good agreement of the simulation results with experiments by application
of the Clift et al. [8] drag model, whereas the bed expansion was slightly under-predicted. Different
values of the coefficient of restitution which describes the energy dissipation due to non-ideal
particle collisions lead to a modified hydrodynamic behaviour. The best fit with experimental
findings was obtained with a value of 0.75 which constitutes a realistic value for the experimental
material (monodisperse and spherical γ-Al2 O3 particles) as reported by Antonyuk et al. [9]. In this
work, the influence of the frictional contribution on the hydrodynamic behaviour will be
investigated. Simulations with and without consideration of frictional stresses will be carried out.
Moreover a numerical study under variation of the angle of internal friction in Schaeffer`s [10]
model will be presented. Huilin et al. [11] revealed in their investigations of a 2-D conical spouted
bed by application of a continuum model that the shape of the spout, the annulus and the fountain
changed appreciably when the frictional stresses were changed, demonstrating the significant effect
of the frictional stress on the dense particle flow especially in the annulus. In the end of this work
industrial applications are presented. Based on the novel spouted bed apparatus the German
company Glatt has developed the innovative ProCell - processing unit for processes like
granulation, agglomeration or coating.
2. Experimental
For experimental investigations to describe the hydrodynamic behaviour, a prismatic spouted bed
apparatus was constructed, which consists of transparent acryl-glass with two horizontal and
adjustable gas inlets. Figure 1 shows a photo and a flow chart of the spouted bed apparatus.

Figure 1 Photo and flow chart of the investigated acryl-glass spouted bed apparatus.

Determination of the stable spouting range of the investigated spouted bed apparatus
In the following, an example of the determination of the stable operation range by visual
observations and by analysis of measured gas phase pressure fluctuations by the fast Fourier
transformation algorithm (FFT) will be demonstrated. The bed material consists of γ-Al2O3particles (ds = 1.75 mm, ρs=1040 kg/m3, sphericity Θ=0.98) and the bed mass was 1.0 kg. At each
set of parameters (particle system, angle of the cylinders for gas flow regulation, bed mass and gas
throughput) 10.000 values of the overpressure were measured during a period of 10 seconds and
subsequently the FFT was applied to these values. Figure 2 shows the bed pressure drop with
indication of the points of different gas volume flows where the results of the Fourier analysis will
be presented.
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Figure 2 Measured bed pressure drop and indication of the points for the fast Fourier algorithm.

In Figure 3 the results of the measurement of the gas phase pressure fluctuations and of the FFT for
the points 1 to 6 are presented and conclusions on the hydrodynamic behaviour can be made. The
amplitudes of the gas fluctuations indicate the existence of pressure impulses which originate from
bursting gas bubbles on the bed surface. From Figure 3a it can be extracted that about 4 to 5 main
fluctuations per second were detected at a gas volume flow of 0.020 m3/s that are not fairly equal
and exhibit different amplitudes. Also the FFT indicates that there is a commanding frequency of
about 5 Hz, but there are further frequencies between 2 and 4.5 Hz as well as between 5.5 and 7 Hz
which cannot be neglected. That means that rising gas bubbles of different sizes burst on the bed
surface at irregular time intervals. From visual observations one can see that bed expansion is very
low and that big and small bubbles move upwards through the bed causing more or less powerful
pressure impulses. Also the total bed movement is more similar to a fixed bed state, i.e. the particle
mixing caused by the fluidization gas, is very low. This operation range is referred to as the
“bubbling” state and is instable by definition as reported earlier by Piskova [3], [4].
By increasing the inlet gas volume flow, this instable spouting state remains unchanged (see Figure
3b). When the gas throughput is increased to 0.025 m3/s (Figure 3c) a change can be recognized
compared to the previous graphs. Now, the main fluctuations are equal and have nearly the same
amplitudes which results in a large dominant peak in the FFT. The position of this peak on the xaxis reflects the frequency of the main fluctuation. This spouting operation is called stable. Hence,
the turnover between the bubbling instable and the stable operation lies between the gas volume
flows of 0.023 m3/s (Figure 3b) and 0.025 m3/s (Figure 3c). The stable spouting range is
characterized by a circulating particle motion and a good particle mixing without dead zones. With

enhancement of the gas flow (see Figure 3d and e) the spouting process remains stable. At a gas
volume flow of 0.042 m3/s (Figure 3f), the main fluctuations are not uniform anymore and exhibit
different amplitudes. The upper boundary of the stable operation range is reached and the process is
thus instable. The range of stable spouting for this parameter set is depicted in Figure 2.

Figure 3 Measured bed pressure drop fluctuations (top) and Fourier-transformation of the frequency spectra of these
fluctuations (bottom).

Re-G-Ar diagram by experimental data
The preceding analysis of the gas phase pressure fluctuations and the visual observations have
illustrated how one can determine different hydrodynamic operation ranges of the investigated
spouted bed apparatus. For each parameter set, one point for the beginning of stable spouting can be
included into the Re-G-Ar diagram. Re is the Reynolds number at the inlet at the beginning of
stable spouting and G is a geometric ratio between the gas inlet area and the apparatus cross section

area at the fixed bed height. The results of the investigated acryl-glass spouted bed apparatus with
slit-shaped gas inlets are depicted in Figure 4. Here, curve i denotes the beginning and curve j the
end of stable spouting.

Figure 4 Re-G-Ar-Diagram.

The lines 1-10 are the lines of constant Archimedes number and the curves a-h are the boundaries of
stable operation for different apparatuses. The region between the curves a and b is the range of
stable operation of a conventional fluidized bed. For a prismatic spouted bed apparatus with two
parallel gas inlets by Piskova [3], [4] this range is confined by the curves c and d. Furthermore, the
stable operation range for a conical spouted bed apparatus is between the curves e and f (Olazar et
al. [12]) and for a prismatic spouted bed apparatus with one gas inlet between the curves g and h
(Mitev [13]). With the aid of this diagram comparisons between the different apparatus types can be
made and the choice of an appropriate apparatus for a certain product is considerably facilitated.
2. CFD Continuum Modelling
In our continuum simulations we consider two phases: a gas phase (air) and a granular solid phase
(γ-Al2O3-particles). In this model type all contributing phases are treated as continua that can fully
interpenetrate. Due to the continuum description, supplementary closures for the particle-particle or
particle-wall interactions are required. Thus, the kinetic theory of granular flow is incorporated in
FLUENT 6.2 to account for the dependency of the rheological material properties on the local
particle concentration and on the local particle fluctuating velocity due to particle collisions. In
Table 1, the basic equations of the continuum model are presented.
Table 1: Equations of the continuum model.
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In the momentum balance equation τq denotes the stress tensor of phase q and is calculated as
follows:
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Here, µq (µs for the solid phase) is the shear viscosity of the solid phase as defined in the kinetic
theory of granular flow. The solid shear stress tensor contains shear and bulk viscosities arising
from particle momentum exchange due to translation (µs,kin) and collision (µs,col). Furthermore, a
frictional component of viscosity (µs,fr) is included to account for the viscous-plastic transition that
occurs when particles of a solid phase reach the maximum solid volume fraction. All three
contributions are considered additively:
µs = µs,col + µs,kin + µs,fr
Eq (6)
The collisional part of the shear viscosity µs,col is modelled as following:
4
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The kinetic part µs,kin is calculated by the expression of Gidaspow et al. [14]:
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The frictional contribution µs,fr is accounted for by the expression of Schaeffer [10]:
µs,fr =

ps sin φi
2 I2D

Eq (9)

where φi is the angle of internal friction. This value accounts for loss of momentum due to the
friction between the particles. In this work a study under variation of the angle of internal friction φi
will be presented. Moreover, a simulation without consideration of frictional contributions will be
shown to examine the significance of the incorporation of inter-particle friction in multiphase
continuum simulations of spouted beds.
For description of the gas-particle interactions the Clift et al. [8] drag model is used. This model
consists of ten different correlations for the drag coefficient CD in dependency of the particle
Reynolds number. The gas-particle moment exchange coefficient Kgs (see Eq (4)) is calculated as
follows:
ερf
K gs = s s
Eq (10)
τs
Where f is the drag function and is calculated by:
C Re
f= D
Eq (11)
24
The following correlations for the drag coefficient CD are used in this model:

C D = 3 /16 + 24 / Re

Re ≤ 0.01

C D = 24 / Re 1 + 0.1315Re0.82 −0.05w 

0.01 < Re ≤ 20

C D = 24 / Re 1 + 0.1935Re0.6305 

20 < Re ≤ 260

log10 CD = 1.6435 − 1.242w + 0.1558w 2

260 < Re ≤ 1,500

log10 CD = −2.4571 + 2.558w − 0.929w 2 + 0.1049w 3 1,500 < Re ≤ 12, 000
log10 CD = −1.9181 + 0.6370w + 0.063w 2

12, 000 < Re ≤ 44,000

log10 CD = −4.3390 + 1.5809w − 0.1546w 2

44, 000 < Re ≤ 338, 000

C D = 29.78 − 5.3w

338, 000 < Re ≤ 400, 000

C D = −0.49 + 0.1w

400, 000 < Re ≤ 1000, 000

C D = 0.19 − 8 ⋅10 4 / Re

Re > 1000, 000

Eq (12)

where w = log10 Re
For more detailed information on the applied continuum model we refer to Gryczka et al. [5], [6],
[7]. The equations of the multiphase continuum model were solved by means of a finite volume
technique provided in the commercial software FLUENT 6.2. An entire geometry model of the
spouted bed apparatus was created and meshed. Mesh independence of the simulation results was
obtained by variation of the number of mesh elements. The time step size was 10-4 seconds.
Convergence of the solution was assumed at a residual value of 10-3. The gas volume flow was set
to a constant value of 0.041 m3/s.
Simulation results
Following, the calculated distributions of the granular solid phase εs under variation of the angle of
internal friction (φi=25, 30, 35, 40°) and without considering friction are compared with images
taken during the experiment (see Figure 5). Furthermore, measured and calculated gas phase
pressure fluctuations are compared in Figure 6 to do even more accurate comparisons between the
simulations and the experiment.
The real fluidization process can be followed by the series of images in Figure 5a. Particles are
sucked into the jet zone by the gas flow in the lower section of the process chamber and are
subsequently accelerated vertically. Then, the particles are separated towards the apparatus walls in
the fountain zone and afterwards they move back to the jet zone on the inclinations of the apparatus
in the backflow zone. Thus, a circulating and uniform particle motion is obtained in this spouted
bed apparatus. From Figure 5a it can also be recognized that the gas jet passes the bed material not
straightforwardly, but is diverted to the left and to the right due to gas phase turbulence and nonideal particle collisions. Also the formation of gas bubbles can be observed, which burst on the bed
surface affecting gas phase pressure impulses. In Figure 6a, the gas phase pressure fluctuations of
the experiment for an interval of 3 seconds are depicted, along with the measured pressure spectrum
resulting from fast Fourier transformation (FFT). The recording frequency of the pressure values
was 1 kHz both in the experiment and in the simulations. It is observable that fairly uniform
pressure impulses with equal amplitudes are detected (Figure 6a top). This results in a large
dominant peak in the FFT (Figure 6a bottom). The position of this peak on the x-axis reflects the
frequency of the main fluctuation. In this case, the main frequency can be found around 6 - 7 Hz
concluding that 6 - 7 gas bubbles burst on the bed surface regularly and with equal intensity during
one second.
Figure 5b to 5e show images of the simulation of the distribution of the granular solid phase εs
under variation of the angle of internal friction φi. A change of that value leads to a change of the
solid shear stress tensor τ (Eq (5)) and thus has an effect on the moment balance equation (Eq (3)).
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Figure 5 Volume fraction εs of the granular solids phase. Gas throughput 0.041 m3/s, Clift et al. [8] drag model. a)
Experiment, b) φi=25°, c) φi=30°, d) φi=35°, e) φi=40°, f) no friction. Time between images: 0.1 seconds.

Consequently, different hydrodynamics are calculated in dependency of the angle of internal
friction (see Figure 5b to 5e). However, the calculated distributions of the granular solids phase εs
do not show dramatically big differences. The hydrodynamic behaviour in this spouted bed is
predominantly affected by the force exposure of the gas on the particles in the jet zone where the
particle concentration is between 20 and 30 %. Here, the influence of the frictional contributions on
the total bed behaviour is nearly negligible. In regions with a high solids concentration (backflow
zones) where the particles are under sustained contact, the friction between the particles has to be
accounted for to obtain realistic simulation results. The best fit with the experiment is given in
Figure 6c with φi=30°. Here, the bed expansion is the highest in comparison to the simulations with
φi =25°, φi =35° or φi =40° (Figure 5b, d and e). However, it is slightly under-predicted in
comparison to the experiment (Figure 5a) as already reported by Gryczka et al. [6]. The angle of
internal friction of φi =30° is according to Antonyuk et al. [9] a realistic value for the experimental
material.
The series of images (Figure 5f) of the simulation without frictional contributions (µs,fr = 0 in Eq
(6)) shows a surprisingly good resemblance with the experiment. The spout channel is wider

Figure 6 Bed pressure drop fluctuations (top) and Fourier transformation of the frequency spectra of the fluctuations
(bottom). a) Experiment, b) φi=25°, c) φi =30°, d) φi =35°, e) φi =40°, f) no friction.

compared to all simulations with consideration of friction which is also in agreement with the
experiment. Due to the neglect of the frictional contribution µs,fr in the momentum balance equation
(Eq (6)), a more intensive interaction between the jet zone and the backflow zone is enabled. That
means that because of the lower viscosity µs of the particle assembly, the force exposed by the
fluidization gas has a higher impact on the motion of the particle assembly compared to the case
with consideration of friction where the higher viscosity prevents the separation of the particles.
Comparing the simulated and measured gas phase pressure fluctuations and the Fourier analysis on
these spectra (Figure 6) it also becomes clear that the best resemblance with the experiment is
achieved with φi =30° when friction is accounted for. In accordance to the measurement the
calculated pressure spectrum shows a periodic behaviour with fairly equal amplitudes concluding
that equal sized gas bubbles rise through the bed and burst on the surface affecting the pressure
fluctuations. However, due to the under-prediction of bed expansion the intensity of the simulated
pressure impulses are somewhat lower compared to the experiment. That also results in the lower
frequency of bursting gas bubbles in the Fourier analysis predicted by the continuum model (ca. 3
Hz, see Figure 6c) in comparison to the experiment (ca. 7 Hz, see Figure 6a). The same statements
are valid for the simulation without consideration of friction (see Figure 6f). The gas phase pressure
fluctuations are also periodic and exhibit equal amplitudes which results in clear peak in the Fourier
analysis.
In summary, it can be stated that there is an influence of the friction between the particles on the
spouted bed hydrodynamic behaviour, however, which is not very big. Other effects (gas-particle
interactions or particle collisions) have a higher impact on the total bed behaviour. The best fit with
the experiment was obtained with an angle of internal friction of φi =30° in Schaeffer`s [10] model
which was found to be a realistic value for the experimental material (Antonyuk et al. [9]). The
simulation without consideration of friction has also demonstrated that the influence of friction by
application of Schaeffer`s [10] model in this spouted bed apparatus is not very big. However, from
literature it is known that Schaeffer`s [10] empirical frictional viscosity model which is based on
soil mechanical principles is not the first choice to simulate the spouted bed hydrodynamics. More
detailed models (Laux [15], Ocone et al. [16], Syamlal et al. [17]) which describe the frictional
contributions in a more physical based manner should be incorporated in the continuum model to
eventually come to any conclusions. Moreover, the application of the new fluid mechanic approach
which allows for a smooth transition from different flow regimes (dilute, intermediate-dense, dense)
to another using a unified model (Tardos [18], Savage [19]) should also be taken into account in the
continuum simulations in future (Makkawi and Ocone [20]).
3. Industrial Applications of the Novel Spouted Bed
For industrial purpose the novel spouted bed principle has been further developed to apply this for
spray granulation, coating, agglomeration and thermal treatment of particulate solids. Some recent
developments about this technology are explained in [21], [22], [23] and [24].
The Glatt company improved the patented ProCell-apparatus by integrating different types of spray
systems into a single or multi-stage process chamber as described in Figure 7.
Due to the specific fluidization behaviour and the related principle of particle movement inside the
process chamber, the ProCell has process advantages compared to conventional fluidized beds:
• fluidization of large particles and irregular formed particles
• fluidization of fine particles
• fluidization of products with wide particle size distribution
• gently drying of temperature-sensitive products
• stability of processing due to the reduced risk of blockages of the gas distributor
• possible reduction of residence time in process chamber

Figure 7 Principle of a Glatt- ProCell-apparatus (courtesy of Glatt/Germany).

As a typical field of application we want to refer to the spray granulation. In spray granulation
processes a liquid containing a dissolved, suspended or molten solid is dried or solidified in such a
way that compact and dense granules are produced in one process step. The basic principle is
schematically shown in Figure 8.
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Figure 8 Principle of direct spray granulation (courtesy of Glatt/Germany).

As summarized above the ProCell has advantages compared to conventional fluidized beds when
products are sensitive to thermal stress. For instance enzymes (e.g. for use in laundry or feed
products) or encapsulated volatile substances (e.g. orange oil, PUFA) can be processed to create
innovative product forms. In Figure 9 and 10 two typical products are shown.

Figure 9 Product sample: spray granulated enzyme formulation (courtesy of Glatt/Germany).

Figure 10 Product sample: spray granulated aroma oil emulsion (courtesy of Glatt/Germany).

The ProCell-apparatus is a commercial version of the novel spouted bed and available in different
scales. Starting with the ProCell-LabSystem processes and products can be developed and
optimized at laboratory scale (e.g. at 0.2 to 2 kg batch size or up to 2 kg/h in continuous operation).
Additionally pilot scale industrial production units can be delivered in different executions (Figure
11).

Figure 11 Industrial scale granulation plant Glatt - ProCell 125 in closed loop operation (courtesy of Glatt/Germany).

4. Conclusions
In this work the fluidization behaviour of a novel spouted bed apparatus with two adjustable gas
inlets was investigated. Different hydrodynamic operation ranges were identified by evaluation of
gas phase pressure fluctuations and a subsequent Fourier analysis on these spectra. The stable
operation domain was depicted in a Re-G-Ar diagram and comparisons between other fluidized and
spouted beds were made.
Furthermore, the hydrodynamic behaviour was modelled by means of continuum approach in the
commercial software package FLUENT 6.2. In this work, the influence of the friction between the
particles on the hydrodynamic bed behaviour was studied by variation of the angle of internal
friction φi in Schaeffer`s [10] model. Moreover, a simulation without consideration of frictional
contributions was conducted. It was revealed that there are no big differences in the hydrodynamic
behaviour in the tested range of values of angles of internal friction. However, the best resemblance
with the experiment was achieved with a value of φi =30° that was proved to be a realistic value for
the experimental material (Antonyuk et al. [9]). The neglect of frictional contributions also gave
qualitative good results in comparison to the experiment. It seems that the influence of friction

described by Schaeffer`s [10] model is not very big. This simple frictional viscosity model is an
empirical model based on soil mechanical principles and thus seems to be unable to capture the real
complex frictional processes taking place during the spouted bed fluidization. Gryczka et al. [5],
[6], [7] recently found out that the variation of the gas-particle drag model or the coefficient of
restitution had a bigger influence on the simulated spouted bed hydrodynamic behaviour.
The transfer of the novel spouted bed to an industrial apparatus at different size scale was
successful. Based on experimental and theoretical studies of the fluidization behaviour the scaling
up can be carried out supported by CFD-simulations. Due to the innovative design of the Glatt
ProCell-apparatus the particle motion and the fluid dynamics inside the process chamber can be
directly influenced depending on the process requirements.
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6. Nomenclature
Ar
CD
ds
e
f
g
G
g0,ss
Kgs
p
r
R
Re
r
v
&
V
g

Archimedes number
drag coefficient
particle diameter
coefficient of restitution
drag function
acceleration of gravity
geometric ratio
radial distribution function
gas-solid exchange coefficient
pressure

[-]
[-]
[m]
[-]
[-]
[m/s2]
[-]
[-]
[-]
[Pa]

interaction force
Reynolds number
velocity

[N]
[-]
[m/s]

gas volume flow

[m3/s]

Greek letters
ε
volume fraction
Θ
sphericity
θ
granular temperature
λ
granular bulk viscosity
µ
dynamic viscosity
ν
kinematic viscosity
ρs
solids density
τ
stress tensor
τs
particulate relaxation time
φi
angle of internal friction
Subscripts

[-]
[-]
[m2/s2]
[kg/(m s)]
[Pa s]
[m2/s]
[kg/m3]
[-]
[s]
[°]

col-collision
fr
friction
g
gas
gs
gas-solid
in
inlet
kin
kinetic
p, q phase indication
s
solid
ss
solid-solid
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