
 

Characterization and CFD-DEM modelling of a prismatic
spouted bed
Citation for published version (APA):
Salikov, V., Antonyuk, S., Heinrich, S., Sutkar, V. S., Deen, N. G., & Kuipers, J. A. M. (2015). Characterization
and CFD-DEM modelling of a prismatic spouted bed. Powder Technology, 270(part B), 622-636.
https://doi.org/10.1016/j.powtec.2014.05.026, https://doi.org/10.1016/j.powtec.2014.05.026

DOI:
10.1016/j.powtec.2014.05.026
10.1016/j.powtec.2014.05.026

Document status and date:
Published: 01/01/2015

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://doi.org/10.1016/j.powtec.2014.05.026
https://doi.org/10.1016/j.powtec.2014.05.026
https://doi.org/10.1016/j.powtec.2014.05.026
https://doi.org/10.1016/j.powtec.2014.05.026
https://research.tue.nl/en/publications/018e3556-f7ba-4b16-87a0-200676fd8cb6


Powder Technology 270 (2015) 622–636

Contents lists available at ScienceDirect

Powder Technology

j ourna l homepage: www.e lsev ie r .com/ locate /powtec
Characterization and CFD-DEM modelling of a prismatic spouted bed
Vitalij Salikov a, Sergiy Antonyuk a, Stefan Heinrich a,⁎, Vinayak S. Sutkar b, Niels G. Deen b, J.A.M. Kuipers b

a Institute of Solids Process Engineering and Particle Technology, Hamburg University of Technology, Denickestr. 15, 21071 Hamburg, Germany
b Multiphase Reactors Group, Department of Chemical Engineering and Chemistry, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands
⁎ Corresponding author. Tel.: +49 40 42 878 3750; fax
E-mail address: stefan.heinrich@tuhh.de (S. Heinrich)

http://dx.doi.org/10.1016/j.powtec.2014.05.026
0032-5910/© 2014 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Available online 21 May 2014
Keywords:
Spouted bed
Discrete Element Method
Computational Fluid Dynamics
Fluidization
Particle dynamics
Kolmogorov entropy
In this study a prismatic spouted bed was characterized experimentally and modelled bymeans of 3D CFD-DEM
simulations. The main focus was on the investigation of the influence of the gas flow rate on the bed dynamics
and spouting stability. Pressure drop time series obtained at different gas velocities were used for the identifica-
tion of flow regimes bymeans of the frequency domain and of chaotic properties such as the correlation dimen-
sion and Kolmogorov entropy. The gas and particle dynamics were investigated through simulations of different
operational regimes: the spouting onset, as well as stable and instable regimes. A 3-D bed behaviour, typical for
slot-rectangular beds, was found. A good agreement between simulations and experiments in the particle flow
patterns, bed expansion and dynamics of characteristic gas pressure fluctuations was achieved. The particle
dynamics as a function of the gas velocity was investigated for the entire bed. For one of the stable regimes,
the bed regions showing different particle dynamics (spout, fountain and annulus) were characterized in detail.
A regime map showing the stable operational window in dependence on an inlet-to-bed size ratio and gas
velocity is also provided.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

A spouted bed is a very effective andwidely used gas–solid or liquid–
solid contactor. In this investigation a prismatic spouted bed apparatus
described in our previous work [1] was investigated experimentally
and modelled by using a Discrete Element Model (DEM) coupled with
Computational Fluid Dynamics (CFD). The investigated apparatus can
be affiliated with the family of slot-rectangular spouted beds, which
are the subject of considerable academic and industrial research with
respect to overcoming the scale-up problem of conventional axisym-
metric reactors [2]. Conventional axisymmetric spouted beds can bedis-
tinguished according to conical–cylindrical and entirely conical beds.
For a conical apparatus the static bed heights within the cone section
are used. Analogously, we term this slot-rectangular configuration as a
prismatic spouted bed, since the used height of the static beds is usually
lower than the height of the prismatic regions. A specific feature of the
apparatus is the flexible gas inlet,which is implemented as twohorizon-
tal slits and the gas is deflected in the vertical direction by a central pro-
file (Fig. 1a). The gas inlet area can be adjusted by rotation of the gas
throttle shafts, which changes the height of the slits. This allows for
some flexibility in finding of the appropriate inlet size for optimum
spouting conditions for different bedmaterials and bedmasses. Further-
more clogging of the inlet by particles and a creation of dead zones can
often be eliminated without interrupting the process. Moreover, the
apparatus can be comfortably filled with the bed material keeping the
: +49 40 42 878 2678.
.

slits closed. The apparatus is operated by underpressure, i.e. the gas is
sucked through the bed. This concept was adopted by industry and ap-
plied as laboratory and large scale plants for spray granulation, particle
agglomeration, coating, encapsulation and drying (ProCell spouted bed
technology, [3]). In practice a scale-up of the system is usually realized
by extending the depth of the bed β (y-direction in Fig. 1), which can
optionally be combined with partitioning of the apparatus along the
depth.

As pointed out by Mathur and Epstein [4] for conventional axisym-
metric spouted beds the occurrence of the spouting regime and the
spouting stability depend on: (i) the particle bed height, (ii) solid prop-
erties, such as the particle size, size distribution and the interparticle
friction, (iii) geometrical parameters, such as the inlet size, the column
diameter and the cone angle, and (iv) the gas velocity. For a given appa-
ratus geometry and particle properties the stable spouting region (if one
exists) is limited on the one hand by the particle inventory (so-called
minimum and maximum spoutable bed heights) and on the other
hand the spouting appears only in a limited range of the gas velocity
(minimum and maximum spouting velocities). In the previous experi-
mental investigations, it was found that to achieve stable spouting con-
ditions in this apparatus the static bed height should not exceed the
height of the prismatic region [1]. The range of the ratio between the
gas inflow area and apparatus cross-section at the static bed height,
where the initiation of stable spouting in this apparatus is possible,
was identified and correlated with the Archimedes number of particles.
For lower or higher inlet-to-bed size ratios the unstable fluidization re-
gimes were found and the stable spouting did not appear at all. A map
describing this transition was provided, from which the gas velocity
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Fig. 1.Modelled prismatic spouted bed and particles: (a) schematic of the apparatus; (b) flow chart of the experimental setup, nomenclature: 1 spouted bed apparatus, 2 anemometer,
3 fan, 4 high speed pressure detector, 5 analogue-to-digital converter, 6 frequency converter, 7 computer, 8 video camera; (c) particle size distribution of the modelled particles;
(d) modelled geometry (apparatus interior, dimensions in mm).
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necessary for the onset of stable spouting (expressed as particle
Reynolds number at the gas inlets) can be obtained depending on the
inlet-to-bed size ratio and Archimedes number.

The gas flow rate has a pronounced influence on the spouting stabil-
ity. For a given apparatus geometry and solid inventory, a range exists
where spouting is initiated and remains more or less stable. If the gas
velocity is further increased, spouting disappears, being replaced by a
less stable regime. Depending on the particle properties and the static
bed height this regime can be incoherent spouting, bubbling or slugging
[4]. Thus the area of spouting is closed also from the gas velocity side
and a domain of the stable dense spouting is formed. For the apparatus
modelled in this work, Gryczka et al. [1] obtained quickly a growing
process instability by increasing the gas flow rate. Thus this apparatus
deserves a further optimization regarding the flow stability, to enlarge
the stable spouting domain to higher gas velocities.
1.1. Pressure drop fluctuations

Besides visual observations the pressure drop fluctuations can be
used for an identification of the existing flow regime in a spouted bed.
Freitas et al. [5], Liu et al. [6], Chen [7], Piskova and Mörl [8] and others
used a Fast Fourier Transform (FFT) of the pressure drop signal for the
analysis of the flow regimes in rectangular spouted beds. Freitas et al.
[5] report a well-defined dominant frequency between 5 and 7.5 Hz
as a characteristic attribute for the dense spouting regime in a slot-
rectangular bed with one vertical gas inlet. In the previous study on
this apparatus geometry by Gryczka et al. [1], the stable dense spouting
was also correlated with a narrow peak in the frequency domain with a
characteristic frequency of about 6 Hz. The occurrence of further pro-
nounced peaks at different frequencies was attributed to instabilities.
Leu and Pan [9] used the amplitude of the pressure drop fluctuations
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to identify the initiation of dilute spouting in a conical spouted bed. Be-
sides statistical methods, several approaches based on the deterministic
chaos theory were developed and applied for fluidized and spouted
beds to extract the information about the bed behaviour hidden in the
pressure fluctuations. Van der Bleek and Schouten proposed to use the
deterministic chaos theory for the design and operation of fluidized
beds [10]. The correlation dimension and Kolmogorov entropy of a
strange attractor reconstructed from the pressure time series were
used to identify the flow regimes. It was shown that the information
about the evolution of these properties with increasing of the gas
velocity is applicable for the identification of points of the minimum
fluidization and the onset of bubbling. It was also found that after the
fluidization onset (sudden increase in the chaos order) some flow
reorganisation (a disorder decrease) takes place. For the bubbling re-
gime a pronouncedly chaotic behaviour was characteristic. Schouten
et al. [11] developed a method to treat strange attractors obtained
from time series corrupted by a noise. Likewise for spouted beds, the re-
constructed attractors, mutual information, Lyapunov exponent and
Hurst's rescaled range analysis were used to identify the flow regimes
[5,8,12].

1.2. Numerical investigations on spouted beds

Several research groups modelled different spouted bed configura-
tions by using coupled CFD-DEM simulations, often termed as Discrete
Particle Method (DPM) or Euler–Lagrange Method, e.g. [13–17]. The
important advantage of DPM, where the movement and interactions
of each individual particle are calculated, is that the bed dynamics can
be analysed on the scale of the whole bed, in different regions of the
apparatus and on the level of the individual particles. Furthermore,
the values, such as the particle rotation, interparticle collision velocities
and forces can be analysed, which are hardly accessible for measure-
ments with non-intrusive techniques. Takeuchi et al. [14] pointed out
the extreme difficulty in establishing stable spouting by using DPM, re-
gardless of adjustments of particle diameter, gas velocity, and inlet-to-
bed size ratio. The basic principles of DPM were described in detail
and reviewed by Deen et al. [18]. An overview on numerical investiga-
tions on spouted beds can be found in [19]. For the investigated appara-
tus configuration, Gryczka et al. [20] and Jacob [21] reported 2D-CFD
studies by using an Euler–Euler approach. The simulations were
compared with experiments by means of the bed expansion and parti-
cle flow patterns, particle velocities obtained by the Particle Image
Velocimetry (PIV), and the pressure drop signal. The continuum ap-
proach showed a high sensitivity to the used dragmodel. Very different
bed expansions, flow structures, and pressure drop behaviour were
simulated. However, no model was able to predict simultaneously the
bed expansion, flow patterns and the pressure drop behaviour. Regard-
ing all three criteria in combination, a reasonable resemblance was
achieved by the oldest of the used drag correlations; however the bed
expansion and velocities of particles in comparison with the PIV results
were underpredicted. A 3D-CFD investigation (Euler–Euler-approach)
was done by Gryczka et al. [22] to study the influence of the apparatus
depth on the prevailing gas–solid hydrodynamics. An apparatus with
the same plane geometry as investigated experimentally [1] and
modelled in 2D [20,21], and a high extension in the depth direction
was simulated. The simulations showed only minor differences in the
flow structure, particle velocities and pressure drop behaviour along
the apparatus depth.

The aim of this work was to investigate the hydrodynamics of this
apparatus by variation of the gas inlet velocity in more detail with the
main focus on the identification of the apparatus-specific mechanisms
which terminate spouting. In the numerical part, the bed behaviour
was characterized for a fixed particle bed mass and inlet size and the
gasflow ratewas varied beginning from the spouting initiation point to-
wards the fully instable flow regime at high gas velocities. The particle
dynamics was resolved by the Discrete Particle Model to gain a deeper
insight in the spouting event. The simulations were performed for the
prototype apparatus geometry, described in [1]. For the comparison
with experiment the apparatus was rebuilt. The particle dynamics, the
frequency domain of the pressure fluctuations and the changes in cha-
otic properties occurring with increasing gas flow rate were studied.
In the experimental investigations both the inlet-to-bed size ratio and
the gas flow rate were varied.

2. Material and methods

A transparent spouted bed was installed (wall material Europlex®
SDX, Evonik, Germany) to visually observe the particle motion. The
particle flow patterns were recorded by means of a high-speed video
camera (MotionPro Y4, Imaging Solutions, Germany). A flow chart
of the experimental setup is shown in Fig. 1b. Air was sucked
through the apparatus by an exhaust fan (SKG 420-2V, Elmo Ritschle,
Germany). The air throughput was regulated by a frequency converter.
The gas flow rate was calculated from the air velocity in the connecting
pipe between the apparatus and the fan, measured by using an ane-
mometer (EE65, E+ E Elektronik, Austria). The pressure dropwasmea-
sured in the freeboard above the particle bed (Pos. 1 in Fig. 1a) bymeans
of a high-speed differential pressure detector (PD-23/8666.1, Keller,
Germany). The sensor was connected to a signal convertor and a data
acquisition system, and the measured pressure drop fluctuations were
analysed by using the Fast Fourier Transform (FFT) algorithm inMatlab.
Nearly monosized spherical γ-Al2O3 particles with a mean diameter of
1.8 mm (Sasol, Germany, Fig. 1c) were used in experiment and ideally
monosized particles were assumed in the simulations. A pressure sam-
pling frequency of 1 kHz was used both in the experiments and in the
simulations. The number of sample points used to obtain the frequency
spectrum was determined by the FFT algorithm, which needs 2n data
points (4.096 s corresponds to 212 sampling points). The experimental
pressure signal was less smooth in comparison to simulations, due to
the gas fluctuations produced by the sensor noise and by the fan. There-
fore the signal length for the FFT was extended to 213, which corre-
sponds to a measurement period of 8.192 s. Since the FFT power is a
quadratic function of the number of data points in the input, the spec-
trum was normalized by dividing it by the square of the signal length,
as proposed by Link et al. [23]. For calculation of the correlation dimen-
sion and Kolmogorov entropy themethod proposed in [10] was applied
(RRCHAOS). In this method, the embedding timewindow is set equal to
the average cycle time, and the time delay to 1/fs, fs the sampling
frequency. This approach uses the so-called maximum likelihood
estimation for the calculation of the correlation dimension and
Kolmogorov entropy. A detailed description of the method can be
found in [10,11,24]. In case of time series, corrupted by a noise, an alter-
native routine using a rescaled correlation integral can be applied. Itwas
used for the noisy experimental data. The requirement that the number
of sampling points per cycle time is in the range 50–200was always ful-
filled, both for the time series obtained in experiments and simulations.
Inmost cases, this parameterwas in the range between 120 and170. For
the analysis of the experimental time series, a signal length of 10,000
points was used. The time series were pre-cleaned by a low-pass
filtering. The frequencies exceeding 100 Hz were removed. This is the
value still exceeding the 10-fold of the dominant frequencies of the
time series, obtained from frequency domain of the unfiltered data
(Figs. 3–5), as suggested in [10].

3. Numerical model and simulation conditions

Fig. 1d shows the dimensions of the geometry used in the simula-
tions. The commercial codes ANSYS Fluent 12.0.16 and EDEM 2.3.1
were used in conjunction to solve the fluid and the particle dynamics,
respectively. The gas inlet areas were set as two velocity inlets and the
outlet area on the apparatus top was defined as a pressure outlet with
a gauge pressure of zero. Thus themodel represents rather an apparatus



Table 1
Parameters and numerical settings.

Parameter/setting Symbol Value Unit

Slit height h 3.5 mm
Edge length of CFD cells – 3.5–20 mm
Cell number, CFD Ncell 37,220 –

Time step:
– CFD ΔtCFD 10−5, 10−4 s
– DEM ΔtDEM 2.5 · 10−7 s

Number of particles Np 235,343 –

Particle diameter dp 1.8 mm
Particle density ρp 1040 kg/m3

Gas density ρg 1.225 kg/m3

Gas dynamic viscosity μg 1.7894 · 10−5 kg/(m·s)
Gas flow rate V̇ 0.015; 0.023; 0.032 m3/s
Particles:

– Shear modulusa Gp 5.8 · 109 Pa
– Poisson ratio νp 0.25 –

Wall:
– Shear modulus Gw 109 Pa
– Poisson ratio νw 0.25 –

Restitution coefficient:
– Particle–particle ep–p 0.75 –

– Particle–wall ep–w 0.9 –

Static friction:
– Particle–particle μs, p–p 0.5 –

– Particle–wall μs, p–w 0.24 –

Rolling friction:
– Particle–particle μr, p–p 0.06 –

– Particle–wall μr, p–w 0.05 –

a The particle shear modulus Gp was calculated from modulus of elasticity, reported in
[37] for γ-Al2O3, by means of G = E / (2(1 + ν)).
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operated with compressed gas, than one operated by underpressure.
Under these boundary conditions, the simulated pressure drop fluctua-
tions above the particle bed have the smallest amplitudes. The
maximum overpressure is located in the slits (Pos. 2 in Fig. 1a), where
this was recorded during the simulations. The pressure drops over the
entire particle bed were obtained in this way both in the experiments
and in the simulations. Each time, the simulations were started from a
fixed bed state with a bed mass of 0.75 kg. All particles were randomly
generated in a domain in the bottompart of the apparatus, settled under
the influence of the gravity on a fictitious plate placed above the gas
inlets until the particle velocities were close to zero. Subsequently, the
particles were completely decelerated, the plate was removed, and the
gas was introduced into the bed. The gas flow rate was increased in dis-
crete steps with increments of 0.004 m3/s and time intervals of 0.01 s,
respectively. For each gas flow rate a period of 7.096 s was simulated.
However, to exclude start-up effects the bed dynamics were analysed
only after 3 s.

A detailed treatment of the DPM can be found in [18]. Here, a short
introduction is given and deviations from above reference are described
in more detail. The geometry was meshed by means of the software
GAMBIT 2.3.16. The RNG-κ-ε-model (RNG: Renormalization Group)
proposed byYakhot andOrszag [25]wasused for the turbulencemodel-
ling because of a high gas streamline curvature in the apparatus inlet
channels. The Semi-Implicit Method for Pressure-Linked Equations
(SIMPLE) algorithm was applied to solve the volume-averaged
Navier–Stokes equations (Eqs. (1), (2)).

∂
∂t εgρg

� �
þ∇ � εgρg u!g

� �
¼ 0; ð1Þ

∂
∂t εgρg u!g

� �
þ∇ � εgρg u!g u!g

� �
¼ −εg∇pg−∇ � εg τ!

!
g

� �
− S

!
p þ εgρg g

!
;

ð2Þ

where εg, ρg, pg and ug are the volume fraction, density, pressure and
velocity of the gas phase, respectively. τg denotes the gas phase stress
tensor and g the gravity. The reaction forces resulting from the drag
forces FD on particles affect the gas phase. The momentum sink term
Sp in Eq. (2) considers this influence:

S
!
p ¼ 1

Vcell

X
i
F
!
D;i ¼

1
Vcell

X
i

V iβD

1−εg
v!rel; ð3Þ

with v!rel ¼ u!g− v!i:

Vcell is the volume of the corresponding CFD cell. Vi, and vi are the
particle volume and velocity. The inter-phasemomentum transfer coef-
ficient βD is calculated by means of the widely used combined Ergun
and Wen & Yu drag correlations [26,27], as proposed by Gidaspow
[28]. The gas volume fraction εg in CFD cells was calculated as [29]:

εg cell ¼ 1− 1
Vcell

X
xiV i; ð4Þ

where xi is the volumetric fraction of the particle i in the corresponding
cell.

This method is well applicable when the cell volume is larger than
the particle volume, but causes numerical instabilities in CFD solver, if
a particle approaches the cell volume [23]. However, to approximate
the complex geometry of the apparatus bottom and to resolve the
gas dynamics in this areawith high gas velocity gradients, a fine compu-
tational mesh is advantageous. Since usually no particles reside in the
inlets' area, a gradually increasing mesh size was used, starting from
fine cells in the inlet area and larger ones in the freeboard and the outlet
regions. An unstructuredmeshwas used because of the complex geom-
etry of the bottom part. The minimum and maximum size of the cells
and the used CFD time steps are given in Table 1. Nevertheless, several
times the solution diverged, due to an unfavourable configuration in
the particle positions. The problem could be solved by rewinding the
simulation to the previous saving step, increasing the resolution of the
particle contours and setting the CFD time step temporarily to a smaller
value of 10−5 s.

The particle dynamics are calculated by Newton's and Euler's equa-
tions (Eqs. (5), (6)). Forces due to the pressure gradient, drag, gravity,
shear lift, particle–particle and particle–wall collisions are included,
respectively:

mi
d v!i

dt
¼ −V i∇pg þ

V iβD

1−εg
v!rel þmi g

!þ F
!
sl þ F

!
c ð5Þ

where mi is the mass of the particle i.

Ii
dω!i

dt
¼ T

!
i; ð6Þ

where Ii is themomentum of inertia,ωi the angular velocity of particle i
and Ti the torque. The shear lift force Fsl is calculated as:

F
!
sl ¼ 1:61 Csl d

2
i ρg

νg

ω!cj j
� �0:5

v!rel � ω!c½ �; for 0:005 ≤ βL ≤ 0:4 ð7Þ

where

βL ¼ 0:5Res=Rep; with Res ¼
dug=dy
��� ���d2i

νg
; Rep ¼ v!relj j di

νg
ω!c ¼ ∇� u!g;

Csl ¼
1−0:3314 β0:5

L

� �
exp −

Rep
10

� �
þ 0:3314 β0:5

L ; for Rep ≤ 40

0:0524 βLRep
� �0:5

; for Rep N 40
:

8><
>:
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νg is the kinematic gas viscosity,ωc the vorticity and dug/dy the shear
rate of the gas flow, and di is the particle diameter. More details about
the shear lift model can be found in references [30,31].

The contact force is the sum of the normal and tangential
components:

F
!
c ¼ F

!
c;n þ F

!
c;t: ð8Þ

A soft sphere contact model [32] based on correlations of Hertz [33],
Mindlin [34], and Tsuji [35]was applied. The forces acting on the contact
partners i and j (Eqs. (9) and (10)) consist of the elastic and inelastic
(damping) components and the tangential force is limited by static
friction (Eq. (11)).

F
!
c;n ¼ − F

!
c;n el− F

!
c;n d ¼ −kn δ

3
2
n;ij n!ij−ηd;n v

!rel
n;ij ð9Þ

F
!
c;t ¼ − F

!
c;t el− F

!
c;t d

¼ −kt δt;ij t
!
ij−ηd;t v

!rel
t;ij; for F

!
c;t

�� ��≤μs F
!
c;n

�� �� ð10Þ

F
!
c;t ¼ −μs F

!
c;n

�� �� t!ij; for F
!
c;t

�� �� N μs F
!
c;n

�� ��; ð11Þ

where μs is the coefficient of the static friction. The stiffnesses kn and kt
are functions of the elastic and shear moduli Ei, Ej and Gi, Gj, as well as
the radii Ri, Rj of contact partners:

kn ¼ 4
3
Eeq

ffiffiffiffiffiffiffiffi
Req

q
ð12Þ

kt ¼ 8Geq

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Req δn;ij

q
ð13Þ

1
Eeq

¼ 1−ν2
i

Ei
þ 1−ν2

j

E j
;

1
Geq

¼ 2−νi

Gi
þ 2−ν j

G j
;

1
Req

¼ 1
Ri

þ 1
R j

:

νi, and νj are the Poisson ratios of the contact partners. In case of a
particle–wall contact, the wall radius Rw approaches infinity and the
contact radius Req equals the particle radius. The normal and tangential
damping constants ηd_n and ηd_t which depend on the restitution coef-
ficient, the radii, the masses and the elastic properties of the contact
partners, are given by:

ηd n=t ¼ −2

ffiffiffi
5
6

r
α

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Sn=t meq

q
ð14Þ

α ¼ lneffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ln2eþ π2

p ; meq ¼ mim j

mi þm j
; Sn ¼ 2Eeq

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Req δn;ij

q
;

St ¼ 8Geq

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Req δn;ij

q
:

In case of a particle–wall contact, the mass of the wall mw is signifi-
cantly higher than the particlemass andmeq=mp. On a rolling particle i
a frictional momentum is acting.

T
!
r ¼ −μr F

!
n;c

�� ��Riω
!
u;i; ð15Þ

where μr is the coefficient of the rolling friction and ω!u;i the unit vector
of the angular velocity of particle i at the contact point. The particle
restitution coefficient and other material properties of the simulated
particlesweremeasured in our previouswork [36,37]. Thewallmaterial
is polycarbonate coated with a thin nano-composite antistatic layer.
There is little information about the composition and properties of the
layermaterial; therefore thewall properties aswell as frictional proper-
ties were estimated. An overview of the used parameters and settings is
given in Table 1.

4. Results and discussion

4.1. Dense flow regimes

In a dense stable regime spouted beds show a structured particle
flow with three distinct regions: (i) the dilute spout, where particles
move upwards, (ii) the fountain region, where the change of particle
flow direction occurs, and (iii) the dense annulus, where particles
flow downwards under the influence of the gravity (Fig. 1a). Further-
more, dependingon the amount of particles in the apparatus and the su-
perficial gas velocity, the dense and the dilute stable spouting regimes
can be distinguished [38]. For the simulated operational conditions the
investigated spouted bed behaves as a dense system. In this case the
gas flow is highly influenced by the particles and pronounced fluctua-
tions in the particle and gas dynamics can be observed (Figs. 3–5, 9b,
10 and 12). Following flow regimes were observed beginning from the
fixed bed state:

(a) Fixed bed and internal cavity: The bed remains completely static
up to a gas flow rate of about 0.007 m3/s. The pressure drop
signal and the FFT power plot shown in Fig. 2 correspond to a
gas flow rate of 0.006 m3/s. The measured fluctuations have no
regularity and very small amplitudes, which results in a value
of the FFT power smaller than 4 Pa2. This power level is within
the level of the sensor noise. At gas flow rates higher than
0.007 m3/s, a small cavity with an internal circulation of a small
number of particles is forming above the gas inlet. The cavity
formation does not influence the pressure drop behaviour
significantly.

(b) Irregular bubbling: At a gas flow of about 0.009 m3/s, the cavity
forms the first bubble, which is able to ascent through the parti-
cle bed.With further increasing of the gasflow rate noqualitative
changes in the bed dynamics can be observed: bubbles of differ-
ent sizes pass through the bed at different time intervals, which
results in an irregular pressure drop behaviour (different ampli-
tudes of fluctuations occurring at different time intervals). In
Fig. 3 the typical pressure drop behaviour and the corresponding
FFT power plots for this gas flow rate interval are shown. The
non-regularities in the pressure drop fluctuations also become
noticeable in a broad distribution of the FFT power spectrum.
With increasing gasflow rate the regularity of the pressure signal
grows and the power functions become narrower. Fig. 6 shows
the evolution of the chaotic properties as function of the gas
flow rate. The correlation dimension provides for some evidence
about the complexity of a dynamic system and the Kolmogorov
entropy describes the predictability of the system behaviour
with time. For a completely ordered system the Kolmogorov
entropy is equal to zero and for a completely stochastic system
it goes to infinity. Values between both extrema characterize a
deterministic chaos. An introduction in the deterministic chaos
theory and its application for fluidized bed design and operation
can be found in [10]. High values of the correlation dimension
and the Kolmogorov entropy in this range of the gas flow rate
indicate very chaotic bed behaviour. However with increasing
gas flow rate, the system behaviour becomes less chaotic,
which results in a strong decrease in the correlation dimension
and Kolmogorov entropy (Fig. 6). The estimated values of the
correlation dimension for the area of irregular bubbling are in
the range of 3–5 (slightly higher than the values of 3–4 reported
in [10,11] for fluidized beds). The main fluctuations' frequency
within this interval is 3–4 Hz.



Fig. 2. Pressure drop behaviour for the fixed bed regime: (i) Measured pressure drop signal, (ii) detailed representation of the signal (i), and (iii) FFT power plot obtained from the signal
(i).
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(c) Dense spouting:At gasflow rates exceeding 0.015m3/s a spouting
is established. The photographs taken of this operational point,
the corresponding pressure drop signal and the FFT power plots
are presented in Fig. 4. The gas fluctuations show nearly the
same amplitudes and frequencies, which results in single narrow
peaks in the FFT power plots. The gas flow rate, at which the reg-
ular periodical pressure drop signalfirst timeoccurs, corresponds
according to Gryczka et al. [1] to the point of the initiation of the
stable spouting. This is some kind of the minimum spouting
velocity determined in a procedure based on the behaviour of
the pressure drop fluctuations under conditions of the increasing
gas velocity. The system becomes significantly less chaotic than
in the previous regime. When the gas flow rate is further
increased, the pressure fluctuations remain regular for a while.
In the spouting area the Kolmogorov entropy and the correlation
dimension have the smallest values (Fig. 6); the state is quite
ordered and (at least to some extent) predictable. The spouting
is not completely steady-state because of the bed fluctuations,
but similar flow patterns are reproduced with time. However,
at a certain point, slight alternating spout oscillation to the left
and to the right from the central axis arises, which grows in in-
tensity with the gas flow rate, as also reported by Gryczka et al.
in [1]. This can be recognized visually (Fig. 4), for example for a
gas flow rate of 0.023 m3/s, which is close to the upper limit of
this regime (a point between this air flow rate and 0.026 m3/s,
the first pressure drop shown in Fig. 5). The increase in the corre-
lation dimension and Kolmogorov entropywith increasing of the
gas flow rate shows an increase in the system complexity and
growing disorder in the bed behaviour (Fig. 6). The main fre-
quency of the pressure fluctuations in this interval is about 6 Hz.
Fig. 3. Pressure drop behaviour in dependence on the gas flow rate for the regime of irregu
(d) Instable region: In this regime, the abovementioned spout oscilla-
tions reach a high intensity. The particle flow is less structured
and shows random events such as spontaneous changes in the
expansion of the particle bed, as can be seen in Fig. 5. Due to
the spout deflection, a large amount of the bed material can be
accumulated from time to time on one side of the apparatus
and themain gasflowpasses through the apparatus on the oppo-
site side. In Fig. 5 the corresponding pressure drop behaviour and
FFT power plots are also shown. The instabilities can be recog-
nized in the pressure drop signal by irregular fluctuations with
different amplitudes and frequencies, which become apparent
in additional random peaks of a smaller magnitude in the FFT
power spectrum. The main frequency is about 7 Hz. The flow
structure of a spouted bed with regular circulating patterns is
terminated. Higher values of the correlation dimension and
Kolmogorov entropy in this region show a disorder increase
(high flow complexity and a loss in the system predictability).
However, these values continue to grow only in the first part of
this region and show a tendency to decrease at the highest of
used gas flow rates (Fig. 6). This indicates the onset of a second
reorganisation of the system,whichwill later result in the second
stable regime of a spouted bed (dilute spouting), occurring at
high air flow rates. More information about the dilute stable
regime can be found in Section 4.3 (Regime map).

As one can see in Figs. 2–5 by comparison of the FFT power plots,
the transformations between regimes proceed quite continuously.
The domain of stable dense spouting can be characterized as
the area with a strongly reduced order of the deterministic chaos
(Fig. 6).
lar bubbling: FFT power plots and the corresponding pressure time series are shown.
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Fig. 4. Pressure drop and bed behaviour for the dense spouting regime at different gas flow rates: Left: pressure time series and FFT power plots; Right: snapshots obtained from experi-
ments and simulations in time interval of 0.1 s. The colour bars represent the vertical particle velocity.
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4.2. DPM simulations

The simulationswere performed for gasflow rates corresponding to:

• Case 1, the minimum spouting velocity (0.015 m3/s),
• Case 2, a gas velocity close to the upper limit of the dense spouting
range (0.023 m3/s), a regime with a vigorous but yet quite stable
spouting, as a preferable regime for practical applications such as
coating,

• Case 3, the instable regime (0.032 m3/s).

4.2.1. Particle flow patterns
Figs. 4 and 5 show the instantaneous particle flowpatterns, captured

from the experiments and the corresponding simulations with time

image of Fig.�4


Fig. 5. Pressure drop and bed behaviour in the instable region at different gas flow rates: The snapshots were obtained from the experiment and the simulation in the time interval of 0.1 s.
The colour bars represent the vertical particle velocity.
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intervals of 0.1 s. The bed fluctuates in accordance with the pressure
drop. The simulation results for Cases 1 and 2 are in very good agree-
ment with the experimental results. For Case 3 the bed expansion
is highly irregular and therefore difficult to compare. It seems to be
Fig. 6. Correlation dimension and Kolmogorov entropy as function of the gas flo
slightly under predicted by the simulation in the average. The increase
of the alternating spout oscillation with the gas flow rate is well
predicted by the model. The irregular bed expansion and heavy spout
deflections in the instable regime (Fig. 5) are also in a good agreement.
w rate. Crosses indicate the simulated Cases 1, 2 and 3 (from left to right).
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4.2.2. Gas dynamics
The simulations were performed with four-way coupling, which

includes the reaction forces of the particles on the gas phase. This allows
for an analysis of the gas dynamics in the spouted bed. Figs. 4 and 5
show also the evolutions of the gas pressure drop plotted versus simu-
lation time for three simulated gas flow rates, in comparison with the
corresponding experiments.

Case 1, minimum spouting velocity (0.015 m3/s). After the start-up
time, regular pressure fluctuations were obtained in the simulation
(Fig. 4, Case 1), just as in the corresponding experiment. The pressure
fluctuations result in a clean sharp peak in the FFT power spectrum.
The obtained frequency of the fluctuations is slightly higher com-
pared to the experiment.
Case 2, the upper range of the stable spouting domain. The simulated
fluctuations produce a clean sharp peak in the FFT plot. The frequen-
cy of the pressure fluctuations is in a good agreement with the
experiment (Fig. 4, Case 2).
Case 3, instable regime. Fig. 5, Case 3 shows the pressure drop time
series from the simulation of the gas flow rate of 0.032 m3/s. The
simulated pressure fluctuations are as highly irregular as in the cor-
responding experiment shown in the same figure. This results in the
appearance of additional random peaks in the FFT power plot.

In general, the simulated pressure drop behaviour and themain fre-
quencies of the pressure fluctuations are in accordance with the exper-
iments. The predicted magnitude of the pressure fluctuations is slightly
higher in the simulations than in the experiments. Although the pres-
sure drop over the entire bed was analysed both in the experiment
and in the simulation (as described in the chapter “Material and
methods”), the fluctuations were measured at different locations,
which may cause this deviation. A comparison of the values of the cor-
relation dimension and Kolmogorov entropy can be seen in Fig. 6. A
growth in the value of the Kolmogorov entropy indicates a loss in the
predictability and an increase in system disorder with the air flow
rate, as in the corresponding experiments. The correlation dimensions
showa good agreement for Cases 1 and 2, but indicates that the simulat-
ed instable regime at 0.032 m3/s (Case 3) possesses a more complex
flow behaviour than in the experiment.
Fig. 7. Behaviour of the particle bed in the direction of the apparatus depth. (a) Bed expansion
error bars are standard deviations.
4.2.3. Particle dynamics
In this section, the particle dynamics will be described on the entire

bed scale (the influence of the apparatus depth and of the gas flow rate
on the particle dynamics and flow stability), as well as locally for three
distinct regions of the spouted bed (spout, fountain and annulus) that
essentially differ in the particle flow.

4.2.3.1. Influence of the apparatus depth. In this study true three-
dimensional behaviour could be proven also for this configuration of a
slot-rectangular apparatus. In the industrial practicewith this apparatus
configuration, a process is designed empirically by performing experi-
ments on small lab scale beds. Initially, process feasibility and parame-
ter studies are done by using apparatuses with small depths (usually
β = 200 mm) followed by a small number of experiments on large
scale plants with the same apparatus width α and an increased depth
(width to depth ratios α/β ≤ 0.25) for finding the best process param-
eters. The prototype investigated by Gryczka et al. experimentally
and by means of Euler–Euler model [1,20], has a depth of 100 mm
(α/β = 2.5). In [20], a 2D behaviour of the particle bed was assumed
and particle velocities measured by means of Particle Image Velocimetry
(PIV) were applied for the comparisons with a 2D model. However, this
apparatus has a depth that is larger than usual for pseudo-2D beds
[e.g. 15,17,23,29]. In this 3D-DPM investigation the bed dynamics in the
third dimension could be analysed as well. Due to the fluctuating bed be-
haviour, the time averaged particle data are used. Fig. 7a shows the bed
expansion (vertical position of particles) and the corresponding particle
velocities are plotted in Fig. 7b. Both of themwere time-averaged within
slices of 5 mm thickness along the depth direction. At the lowest of the
applied gas flow rates, both the bed height and the particle velocities
are higher in the vicinity of the front wall. With increasing gas flow
rate, the bed expansion is higher in the vicinity of both vertical walls
forming a “valley” in the apparatus middle. A very similar behaviour
was found experimentally by Freitas et al. [39] for slot-rectangular
spouted beds with one vertical gas inlet and an apparatus depth β in
the range of 29–100mm(α/β varied in the range of 1.5…5). They termed
this asmultiple spouting (MS). Chen [7] investigated experimentally sev-
eral configurations of slot-rectangular spouted beds and also sketched
this effect qualitatively. The height of both fountains can be different,
which was also observed in experiments. This is also in accordance with
(time-averaged vertical positions of particles), (b) time-averaged particle velocities. The
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Fig. 8.Time-averaged distribution of theparticles in the spout region in the direction of the
apparatus depth.
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the experimental results by Freitas et al. [39] and Chen [7] for slot-
rectangular beds. A probable explanation for this phenomenon is that
the gas forms spouting channels in the particle bed,which are quite stable
due to the influence of interparticle friction in the peripheral dense annu-
lus area. These can have different cross-sections, due to the initial random
packing structure of the fixed bed. The effect is smaller at the highest of
the investigated gas flow rates (Fig. 7), because the entire bed structure
is more aerated by gas. Thus, the discrepancy between 2D simulations
and PIV measurements reported in [20] (under-predicted bed expansion
and particle velocities) can be probably explained with the help of a 3D
simulation, since the bed expansion and the particle velocities are higher
in the vicinity of the vertical walls than in the centre of the apparatus,
which does not appear in a 2D model. However, another 3D CFD study
[22] carried out on this apparatus to investigate the influence of the
third dimension, by means of a model with a significantly higher depth
of 400 mm (α/β = 0.625), showed only minor variations in the bed
height, particle velocities and pressure behaviour along the depth direc-
tion. Therefore it was assumed, that the influence of the depth dimension
on the flow structure is quite low and that the particle dynamics in this
apparatus can be assumed to be independent on the depth [22,40]. How-
ever, this DPM study shows that this is not always the case and a low dis-
tance between vertical walls can cause three-dimensional behaviour
(at least in dense regimes). In summary, this has following consequences:

(i) The apparatus cannot be simulated with a 2D method,
(ii) PIV is not sufficient for a complete characterization, since only

the information about the bed behaviour in areas next to the
vertical walls is provided,

(iii) The depth of the model used in this study (β/dp ~ 55.6) is most
probably too small to be sufficient to predict the bed behaviour
in industrial scale plants, up-scaled by a simple extension of
this dimension. In investigation of Freitas et al. [39] the bed
depth was varied in the range 29–100 mm. They found that 3D
behaviour was accompanied by a change in the minimum
spouting velocity with the apparatus depth. The minimum
spouting velocity was found to grow if the vertical walls become
closer to each other (and vice versa). There is no reason to as-
sume that the apparatus depth used in this study (100 mm) is
sufficient and the trend of a decreasing in theminimum spouting
velocity with the bed depth will not continue for a while.

The influence of the vertical walls on the particle dynamics is high in
apparatuses of a small depth and it does not consist of only the effect of
particle bridging (β/dp b 20) [2]. Therefore, the process parameters ob-
tained with a lab scale prismatic apparatus, cannot be applied (at least
one-to-one) for large plants, if the apparatus is designed too small.
However, according to the results in [22], this influence and three-
dimensional behaviour decrease, if the distance between vertical walls
is high.

The particle trajectories in the spout region follow the gas flow.
Some dependence of the gas flow profile on the distance between
walls exists already in the fixed bed state. The presence of the walls
locally influences the bed packing structure. Schwartz and Smith inves-
tigated the gas flow through a fixed particle packing in a pipe [41]. The
reduced gas velocity above the central area of the bed and a velocity
maximum at the distance of about one particle diameter from the wall
were found, with a difference up to 100%. The flow channels at a wall
are larger simply from geometrical considerations and thus the near-
wall area offers a lower resistance for the gas flow than the central
region. The location of the velocity maximumwas found to be virtually
independent on the bed diameter (about one particle diameter from the
wall). The effect decreases for larger bed diameters. It was proven that a
larger pipe diameter (the distance between “walls”) results in a more
uniform distribution of the gas velocity. For ratios of the pipe to the par-
ticle diameters more than 30, the deviation from a uniform flow profile
was less than 20%. This gas flow profile through the fixed bed may ex-
plain the initiation of the observed 3D bed behaviour by an increasing
gasflow rate. However, neither the consistence of this particle flowpro-
file over an extended range of the gas velocities, nor the occurrence of
this under conditions of a gas flow rate decreasing from a vigorously
aerated bed can be explained. Chen [7] reports the occurrence of this
behaviour for both procedures. Also for a moving bed the vicinity of a
vertical wall should still remain the area of a reduced resistance and
the influence factor should be the dynamic one. The spout region is
reframed by the spout–annulus interface from the left and from the
right side, and by the front and rear vertical walls. The interaction of
the particles with each other within the spout region (andwith the par-
ticles in the annulus) differs considerably from the interaction of these
with vertical walls. Fig. 8 shows the distribution of the particles in the
spout region along the apparatus depth for Case 2. For this diagram,
the spout region was divided in 20 compartments of 5 mm depth. The
average number of particles residing in the compartments in relation
to the total number of particles in this bed region is depicted, versus
the depth direction. One can see that in the spout region the particle
number is increased in the central area of the apparatus and significantly
reduced in the areas close to the walls. When the areas with a reduced
particle concentration and a denser area in the apparatus middle are
formed, the gas flow is more diverted towards the walls. The particles
entrained in the spout region build two fountains above the bed surface.
The particles can interact with the vertical walls by short term (colli-
sions) and long term contacts (rolling/sliding). The following effects
may contribute to the establishing of these areas of a reduced resistance:

(i) The collision probability. To outline this effect a particle in thewall
vicinity moving upwards non-parallel to the wall should be con-
sidered. If the deviation from the vertical direction is this towards
the wall, the particle will find a collision partner (the wall) with a
probability of 100%. But this is not the case in the opposite direc-
tion (apparatus inner),where theprobability of a collision is signif-
icantly lower, since “less” potential collision partners (particles)
are available. Thus the probability of a particle to be removed
from the front and rear walls is higher than this to be forwarded
back to them,

(ii) The rebound direction. The rebound directions after particle–
particle collisions in the spout region are very statistical, but the
particle–wall collisions have always a component in the direction
of the apparatus inner,

(iii) The rebound velocity. From functional considerations (to avoid a
wall erosion), the apparatus consists usually of materials which
showno (or very low) inelastic deformation under given collision-
al loads. Thus, the particle–wall restitution coefficient is usually
higher than this of the particle–particle interaction, which results
in slightly higher rebound velocities in the direction away from
the wall.

image of Fig.�8
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(iv) The shear lift. The shear liftmay also have an effect on the establish-
ing of a gap with the reduced particle concentration in the wall
vicinity. Due to the gas velocity gradient at the wall surface,
also a particle moving parallel to the wall will be pushed away.
However the shear lift did not cause this 3D behaviour and was
not a dominant effect. After the “main” simulation of Case 2, the
calculation was continued for 2 additional seconds without using
of this model part (Eq. (7)). After this simulation period, the 3D
behaviour did not disappear nor markedly reduced.

The upward motion of a small number of particles being in a long
term contact with vertical walls takes place by rolling and sliding, and
therefore the vertical velocity of these particles is lower due to a decel-
eration by the particle–wall friction. This is probably the reason for
some particle accumulation and a slight anew increase in particle
concentration directly at the walls (Fig. 8).

4.2.3.2. Influence of the gas flow rate. In this sub-section, the influence of
the gas flow rate on the particle dynamics and flow stability will be
described.

4.2.3.2.1. Particle dynamics. Fig. 9a shows the evolution of translation-
al and angular particle velocities, time-averaged over the entire particle
bed and plotted against the applied gas flow rates. The simulation
showed that both the particle velocities and the rotation in apparatus
increase slightly non-linear with the gas flow rate and can be fitted
with a quadratic or logarithmic function (see the inserted quadratic
fits). The quite detailed and thus computationally expensive model
used in this work predicts average particle rotation in range of
30–90 rad/s. In terms of the kinetic energy, the contribution of the par-
ticle rotation is rather low (the percentage in the total kinetic energy is
1.6% for 0.015 m3/s, 1.2% for 0.023 m3/s, and 1% for 0.032 m3/s).
Recently, Pepiot and Desjardins [43] and Jajcevic et al. [44] neglected
the particle rotation in DPM to simulate fluidized and spout-fluidized
bedswith a large particle number and nevertheless found a good agree-
mentwith experiment. This seems tobe a plausible simplification. How-
ever, sometimes the information about the tangential contact forces and
the particle rotation is of importance for understanding of a process and
can assist for an advanced apparatus designing. For instance in case of
a coating process, a high particle rotation in the spray zone of the
Fig. 9.Overall trends. (a) Average particle velocity and angular velocitymagnitudes in depende
dependence on the gas flow rate. The error bars are standard deviations.
apparatus contributes to an enhanced distribution and spreading of
the liquid on the particle surface and thus to amore homogeneous coat-
ings. The tangential force contributes to the breakage of agglomerates.

4.2.3.2.2. Flow stability. In general, the representation of the particle
velocity as the mean and standard deviation over the entire particle
bed is quite crude, particularly in case of a spouted bed. Due to the
slow downwards motion of high number of particles (annulus area)
and high upwards velocity in the lower loaded spout the particle veloc-
ity shows a non-symmetrical density distribution. Under steady-state
spouting conditions, the shape and the location of this distribution
should be nearly constant with time and can be well fitted by a skewed
probability density function (pdf), e.g. theGumbel function used in [40].
Chen [7] considered a steady-state, symmetrical spoutingwithminimal
fluctuations as an ideal (most stable) case for slot-rectangular spouted
beds. In case of very strong spout pulsations the spouting is often
termed as incoherent [42]. Under dense spouting conditions simulated
in this work the location and the shape of (still skewed) pdf-curves
are progressively not constant with time due to the growing amplitude
of the fluctuations with gas flow rate. Therefore in the next sub-section
the particle dynamicswas characterizedmore locally for one of the sim-
ulated cases. Fig. 9b shows the evolution of the bed expansion with in-
creasing gas flow rate. This increase is accompanied by a growth in
the amplitude of the bed fluctuations. With increasing of the gas flow
rate, the spouting stability is affected not only by the alternating spout
deflection but also by a decrease in the flow coherence.

4.2.3.3. Local particle dynamics (Case 2). This case can be distinguished by
a satisfactorily structured vigorous spouting, whereas Case 1 shows a
structured particle flow, but a very slow particle motion and therefore
it is less interesting for a practical application. The particle flow patterns
at the high gas flow rate in Case 3 are highly unstructured and the
three spouted bed regions (annulus, fountain and spout) can hardly
be distinguished for a separate analysis.

In Case 2, as mentioned above, the deviations from the ideally
steady-state spouting are the pronounced fluctuations of both spouts
(cluster-wise particle transport) and the alternating deflections from
the vertical axis, as can be seen by means of simulation snapshots
in Fig. 4. The spouts fluctuate periodically not only in the vertical, but
also in the lateral direction from fully developed state to a shape
nce on the gas flow rate, (b) bed expansion (average vertical position of particles in bed) in
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Fig. 10. Spout shapes: simulation snapshots and corresponding evolution of the slit pressure.
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constricted above the central profile. Fig. 10 shows the event of a single
spout pulsation by means of simulation snapshots and the correspond-
ing evolution of the slit pressure. In the middle snapshot the spout is
partially chocked; the sudden change in the cross-section is the origin
of a fluctuation in the gas velocity and pressure. Gryczka et al. [1]
interpreted the regular pressure fluctuations as an effect of “bubbles”
of nearly equal size ascending through the particle bed and bursting
on the bed surface in regular time intervals, and Freitas et al. [39] for a
slot-rectangular bed with one vertical gas inlet as oscillations in the
spout diameter. The latter can be confirmed. Actually, a spouting state
presupposes the existence of a more or less continuous spout. Bubbles
can be observed in the area of irregular bubbling, prior to the dense
spouting (Section 4.1), because the gas velocity is not sufficient to
form spouts. Other cases, where this behaviour can be observed, are
when a spouted bed is “overloaded” by particles, or it is used in dense
regime with too fine ones. In these cases the spout is completely
disrupted (chocked) by particles and the gas passes through the particle
bed as well-formed bubbles.

Fig. 11a shows the average absolute and relative particle velocities
for different spouted bed regions, separately. The relative (collision) ve-
locity is about an order of magnitude smaller than the absolute velocity.
The annulus is only slightly expanded (mean porosity of 43.3 ± 1.2%),
compared to the porosity of 41.8% in the fixed bed state. The particles
move as a bulk and are rather in long time contact than in a colliding
state. Therefore the particle translational and angular velocities as well
as the contact forces have a minimum in this bed zone: the averaged
particle relative velocity is about 0.02 m/s, and the mean contact force
of about 1 mN. At these intense operating conditions the fountain
region plays an important role. The average amount of the particles
Fig. 11. Particle dynamics in different bed zones. (a) Average absolute and relative particle vel
tangential components, (c) average particle angular velocity. The error bars are standard devia
permanently residing in both fountains is quite high (27% of all particles
in the apparatus). The particle translational and angular velocities, as
well as the contact forces achieve their maxima in this region (Fig. 11).

4.3. Regime map

The first reports about rectangular spouted beds with a tangential
gas supply through a slit can be found in [45]. In our configuration, the
gas is also introduced tangentially and the height of both slits can be
varied by rotation of flatten cylinders (declination towards the appara-
tus inner) in the range of 0–3.5 mm; this is virtually a variation from
thin to very thin slits. The gas flow channels narrow along the gas
flow direction and wider again. For a simplification the heights of both
slots was summed to an actual inlet width. For the construction of a
regime map this inlet width, the bed mass, and the gas velocities were
varied. With increasing in the static bed height the instability due to
the growing alternating spout deflections is only slightly reduced. How-
ever, simultaneously the incoherence level grows. The spout becomes
more pulsating. This influence can be seen in Fig. 12 in the increasing
of the amplitude of the pressure fluctuations, expressed as the standard
deviation of the pressure time series. However, one can also extract
from the shown diagrams, that the increase in incoherence with the
bed height can be suppressed to some extent by the reduction of the
inlet size. Thus, higher static beds can be spouted in a smoothermanner.
However, a higher pressure drop due to the apparatus geometry has
to be accounted for. Fig. 13, right shows the regimemap for the investi-
gated particles, inlet heights h in the range of 1–3.5 mm and the static
bed heights, which do not exceed the prismatic apparatus part. As
ordinate the particle Reynolds number in slits Rep_in (Eq. (16)) and as
ocity magnitude, (b) contact forces acting on particles: total and separated in normal and
tions.
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Fig. 12. The standard deviation of the pressure time series as function of the air flow rate in dependence on the static bed height and the inlet size.
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abscissa the ratio between the inlet width 2h and the static bed height
Hst (Eq. (17)) were used.

Rep in ¼ vg in dp
νg

ð16Þ

H ¼ 2h
.

Hst

: ð17Þ

Note, the used two-dimensional inlet-to-bed size ratio has no con-
nection to the apparatus depth and the illustrated map is valid only
for the investigated apparatus depth of 100 mm. As mentioned above,
some shift of the transition lines between regimes with an increasing
Fig. 13. Right Regimemap. Empty points indicate the simulated states (frombottom to top: case
in the time interval of 0.1 s from experimental recordings and the corresponding FFT power pl
of the apparatus depth cannot be excluded. Therefore, for amore gener-
al description, additional dimensionless groups considering this influ-
ence are necessary and for the graphical representation a 3D map
seems to be reasonable, where the changes in dependence on the
used apparatus depth can be traced.

The main goal of this diagram is to show the location of the
stable operating window. As described in the numerical part, the
stable dense regime is the spouting of MS-type, described previously
by Freitas et al. [39] for slot-rectangular beds with one vertical gas
inlet. The particle Reynolds number is nearly inversely proportional to
the used inlet-to-bed size ratio for the initiation of the dense spouting
(Rep_in ~H−0.987, the line AB in Fig. 13). It is remarkable, that this depen-
dence is comparable to the prevalent conditions in axisymmetric
spouted beds, whereas the entirely conical beds should be referred,
s 1–3). Left Transition to thedilute spouting regime shownbymeans of the snapshots taken
ots of the pressure time series (bed mass 250 g, slits' height 3.5 mm).
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because the static bedheightHst in both configurations is always located
within the prismatic/cone sections. An overview of the dimensionless
equations describing the spouting initiation in different conical beds
can be found in [46]. It can be seen from equations using the static
bed height in the inlet-to-bed size ratio, that the initiation of the
dense spouting occurs at Rep_in ~ (Di / Hst)−1.25…−0.82 (Di is the inlet di-
ameter). All stateswithin the operational window of the dense spouting
feature quite regular periodical pressure drop behaviour, but differ
slightly in the level of incoherence, in dependence on the inlet-to-bed
size ratio and the gas velocity. For the investigated range of the static
bed height the spout deflection seems to have the dominating effect
on the spout termination, particularly at low and intermediate static
bed heights. The boundary between the irregular bubbling regime and
the instable region for shallow beds is difficult to recognize both by
the visual observations and the pressure drop behaviour, it is shown
as a dashed line. In principle, it should be possible to suppress both in-
stability sources, the oscillations in the spout diameter and alternating
spout deflections, by an introduction of appropriately designed and po-
sitioned draft plates. Furthermore, the 3D behaviour should be influ-
enced by introduction of additional vertical walls. On this way, the
spout region is surrounded by vertical wall from all sides.

At high gas velocities the second stable flow regime, which was not
reported by Gryczka et al. [1], the dilute or jet spoutingwas ascertained.
The regime can also be identified by means of the pressure drop signal.
This flow type can be characterized as a uniform and continuous en-
trainment of particles coming down in a very thin (but at this prismatic
angle still present) annulus. Although, the particles are highly dispersed
in the apparatus, the spout (from visual observations it seems to be a
single jet) can be clearly distinguished (Fig. 13, left). No oscillations or
deflections of the jet can be observed. The achieving of this spouting
state can be recognized in the frequency domain by the absence of
other peaks than measured in the empty apparatus in the correspond-
ing interval of the air flow rates. Fig. 13, left shows the FFT power spec-
trum measured in the area of dilute spouting (0.040 m3/s). Contrary
to the pressure signal measured in the foregoing instable region
(0.032 m3/s), the pressure drop in this regime shows no fluctuations,
which can be distinguished from the noise measured in the apparatus
without any particles. This regime can be used for low to intermediate
bed masses in large apparatuses, because of the increased risk of the
solid elutriation. The dilute spouting also provides for a possibility for
a stable spouting of very fine particles. Recently, we report the using
of this regime in an apparatus with a prismatic process chamber and a
very large freeboard for a granulation of μm-sized pre-structured and
entirely ceramic particles with the aim of a synthesis of novel composite
materials [47,48].

5. Conclusions and outlook

In this work, the gas–solid hydrodynamics of a prismatic spouted
bed with two horizontal gas inlets was systematically investigated in
experiments and by means of coupled CFD-DEM simulations. Initially
the bed behaviour for the modelled particle type, bed mass and range
of the gas flow rate was characterized experimentally by means of
high speed recordings and the FFT of the measured pressure drop sig-
nals. Different dense operational regimes (the fixed bed and internal
cavity, irregular bubbling, dense spouting and the instable region)
could be identified. The hydrodynamic regimes differ also significantly
in the chaotic properties. For the domain of the dense spouting a de-
crease in the system disorder was found to be characteristic, whereas
bed behaviour at the lower and higher gas velocities was very chaotic.
Simulations were performed at the gas flow rate corresponding to the
onset of spouting (minimum spouting velocity), as well as the flow
rates corresponding to the upper end of the spouting domain and to
the instable region. The simulations satisfactorily predict the particle
flow patterns, the expansion of the particle bed and characteristic pres-
sure drop fluctuations of all studied regimes in the spouted bed. Single
sharp peaks in the FFT power plots, characteristic to the dense spouting,
were obtained, with a good agreement in the frequency of the pressure
fluctuations. The irregular pressure behaviour resulting in many addi-
tional peaks in FFT plots were also predicted accurately by the DPM
model. The comparison of chaotic properties showed a good agreement
with experiments for the area of the dense spouting and a higher
complexity of the simulated instable regime. The evolution of the
particle dynamics with increasing gas flow rate was investigated at
the entire bed level. A three-dimensional behaviour of the particle
bed in apparatus was found for all three simulated cases. The average
bed height and the particle velocities are increased in the vicinity of
the vertical walls, which is a typical behaviour reported in literature
for slot-rectangular beds on the basis of experiments. One of the
simulated regimes was also characterized regarding the particle
micromechanics in apparatus regions with different particle dynam-
ics, such as the annulus, fountain and spout. The mechanisms
governing the spouting termination are the growing spout instability
by an alternating deflection and the incoherence. The influence of
the inlet-to-bed size ratio was investigated experimentally. A regime
map was constructed, where the location of the domain of the dense
spouting and the transition lines between other regimes can be
obtained.

This work covers the first part of our investigations regarding
the influence of the gas velocity on the behaviour of a prismatic spouted
bed. The next part will contain the investigation on the contribution
of the particle properties and of the prismatic angle. Furthermore,
an optimization study, performed with the aim to enlarge the
stable dense operational window to higher gas flow rates will be
reported [49].
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Symbols

dp : particle diameter, [m]
e : restitution coefficient, [−]
E : modulus of elasticity, [Pa]
F
!

: force, [N]
g : gravitational acceleration, [m/s2]
G : shear modulus, [Pa]
h : height, vertical position, [mm]
I : moment of inertia, [kg m2]
k : contact stiffness, [N/m]
m : mass, [kg]
n! : normal unit vector, [−]
pg : gas pressure, [Pa]
R : radius, [m]
Res : shear Reynolds number, [−]
Rep : particle Reynolds number, [−]
T
!

: torque, [Nm]
t
!

: tangential unit vector, [−]
u,v : velocity, [m/s]
V : volume [m3]
V̇ : gas flow rate, [m3/s]

Greek letters

α : apparatus width, [m]
β : apparatus depth, [m]
βD : inter-phase momentum transfer coefficient, [kg/(m3 s)]
δ : displacement (overlap), [m]
ε : volume fraction, [−]
η : damping constant, [Ns/m]
νg : kinematic viscosity of gas, [m2/s]
ν : Poisson ratio, [−]
μ : friction coefficient, [−]
μg : dynamic gas viscosity, [kg/(m s)]
ρ : density, [kg/m3]
ωc : gas flow vorticity, [1/s]
ωp : particle angular velocity, [1/s]

Subscripts

aver: average
b : bond
c : contact
d : damping
cell : CFD cell
eq. : equivalent
g : gas
i : particle i
i,j : contact partners i and j
in : inlet
n : normal
r : rolling
p : particle
s : static
sl : shear lift
st : static
t : tangential
vert: vertical
w : wall
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