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This paper deals especially with spouting stability in a slot-rectangular (prismatic) spouted bed. The flow
stability was characterized by the pressure drop evaluation (the uniformity and amplitude of the fluctua-
tions) and visual observations (the flow symmetry). The effect of several geometrical conditions, such as
the inlet design, prismatic angle and draft plates on the bed behaviour was investigated for different par-
ticles and bed inventories exposed to different air flow rates. The prismatic angle was found to have a
strong impact on the spouting characteristics. A method to improve significantly the spouting quality
and to make the spouting stability independent on the gas inflow velocity is presented. Compared to
the reference geometry the prismatic angle was changed to a higher value and the apparatus was
equipped with draft plates. Whereas, to achieve a stable spouting in a wide range of the air flow rates
the design of draft plates should be customized to the bed inventory. Dependent on the static bed height
full or open-sided draft plates should be used. In the proposed apparatus implementation, the maximum
spouting velocity was almost eliminated for large particles (Geldart D), i.e. a highly coherent dense spout-
ing can pass continuously into the dilute-like stable regime, without stability loss at intermediate gas
velocities. The spouting of Geldart B particles is also improved.
� 2015 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.
1. Introduction

Gas-spouted beds have a broad application spectrum in tradi-
tional industries, as well as a potential for innovative applications
concerning solids’ processing (e.g. [1,2]). The reported applications
of spouted beds are (amongst others) the mixing, heating/cooling,
drying, coating, granulation and chemical reactions, and the
related industries are the chemical and electrochemical, metal-
lurgy, food and agricultural, pharmaceutical, as well as energy
and nuclear industries [3]. Spouted beds are also well capable for
the treatment of irregularly shaped solids [4]. In dependence on
the apparatus geometry (circular or rectangular), spouted beds
can be sub-divided into conventional conical–cylindrical and
entirely conical beds, as well as slot-rectangular and two-dimen-
sional ones. The spouted bed investigated in this work has a
rectangular cross-section and substantial apparatus depth (or
thickness) and can be affiliated with the family of slot-rectangular
beds. An axisymmetric apparatus operated with static bed heights
within the cone region is usually referred as a conical spouted bed.
Similarly, we term this slot-rectangular geometry prismatic, since
the used static bed does not usually exceed the prismatic appara-
tus region. The specific feature of the investigated apparatus is
the gas supply through two thin horizontal slits, whereas the gas
is introduced tangentially and deflected in the vertical direction
by a central profile [5]. The spouting is in general sensitive to the
inlet size (inlet to particle size ratio and inlet to bed size ratio)
[4]. In the apparatus dealt with in this work the height of the slits
is adjustable in the range of 0–3.5 mm by rotation of partially flat-
tened cylinders; this is virtually a variation from thin to very thin
slits. This adjustability of the inlets’ size has some advantages in
the application, e.g. flexibility in finding a suitable inlet size for
spouting of solids, which are difficult to handle, or for different
bed inventories. The apparatus can be comfortably filled with par-
ticles by keeping the gas inlets closed. Moreover, the clogging of
the apparatus bottom area by cohesive particles can often be elimi-
nated by temporary changing the inlets’ size without a process
interruption or increasing the gas flow rate. The bed is operated
by underpressure, i.e. the gas is sucked through the apparatus.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.apt.2015.02.011&domain=pdf
http://dx.doi.org/10.1016/j.apt.2015.02.011
mailto:stefan.heinrich@tuhh.de
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http://www.sciencedirect.com/science/journal/09218831
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Nomenclature

dp particle diameter (mm)
h inlet height (mm)
H inlet-to-bed size ratio (–)
Hfr height of apparatus freeboard (mm)
Hpl_bottom positioning height of the bottom pair of draft plates

(mm)
hpl_bottom length of the bottom pair of draft plates (mm)
Hpl_top positioning height of the top pair of draft plates (mm)
hpl_top length of the top pair of draft plates (mm)
Hst height of the particle bed under static conditions

(mm)
m mass (kg)
max STD maximum value of standard deviation of operating

pressure drop signal (Pa)

Rep_in particle Reynolds number in the area of gas inlet (–)
vg_in gas velocity at gas inlets (m/s)
_V air flow rate (m3/s)
Wpl_bottom inner distance between bottom draft plates (mm)
Wpl_top inner distance between top draft plates (mm)

Greek letters
a apparatus width (m)
b apparatus depth (m)
c inclination angle of bottom draft plate (�)
lg dynamic gas viscosity (kg/(m s))
qg gas density (kg/m3)
h included angle of prismatic region (�).
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This spouted beds design was adopted by industry and applied for
lab, pilot and industrial scale plants for batch and continuous
agglomeration, film and powder coating, spray granulation, and
encapsulation (ProCell spouted bed technology in [6]). This mean-
while established apparatus design which is reasonably appropri-
ate for many applications was used in this work as a reference
(starting) geometry. Due to the diversity of applications and differ-
ent types of solids, the optimal implementation of a process
demands appropriately designed ‘‘tailored’’ beds. For instance a
further development of this apparatus concept was a purpose-
designed spouted bed for treatment of fine and light solids, such
as aerogel particles for pharmacy [7] and lm-sized ceramic and
sub-structured composite particles for a material science applica-
tion [1,2]. This spouted bed has a small prismatic process chamber
with adjustable gas inlets and a large and steep freeboard and is
usually operated in dilute spouting regime.

The main aim of this work was a further development and
improvement of this spouted bed concept with regard to improve
the spouting stability in the dense spouting range. This apparatus
has a stable operation range limited by applicable gas flow rate
and the particle inventory. The main aim of the work presented
here was to find a possibility to enlarge this range towards
increased gas velocities and static bed heights, i.e. to achieve a
simultaneously intense and uniform particle circulation within a
wide range of gas velocity by optimizing of the apparatus geome-
try. For this purpose the influence of the shape of the central
profile, prismatic angle and draft plates on spouting stability was
investigated and the obtained results were condensed in a
geometry ‘‘tailored’’ on increased flow stability.
Fig. 1. A schematic representation of stable spouting regimes: left (dense) spouting;
right dilute spouting.
2. Background

2.1. Spouting stability

There exist two stable flow regimes in spouted beds (Fig. 1): one
in the dense and the second in the dilute range of the granular flow
correspondingly termed the (dense) spouting and dilute or jet
spouting [8]. Under stable operating conditions the granular flow
in a spouted bed appears as characteristic uniform circulating
patterns. A particle bed in the state of the dense spouting shows
several distinct regions of different particle dynamics: (i) an
upwards directed rather dilute spout formed by fast ascending par-
ticles, (ii) the dense annulus region, where the solids slowly flow
downwards, and (iii) the fountain region, where the particles
change the movement direction under the influence of the gravity.
For the dilute spouting high gas velocity and high bed voidage are
characteristic. The characteristic cyclic particle movement is also
maintained in this regime. Spouted beds provide an effective
solid–fluid contact and a good heat and mass transfer, whereas
the uniform circulation enables the product homogeneity [9].
Mathur and Epstein pointed out, that the flow stability in spouted
beds depends on: (i) the static particle bed height, (ii) the solids
properties, such as the interparticle friction, particle size and size
distribution, (iii) the ratio of the inlet to bed diameter, (iv) the cone
angle, as well as (v) the gas velocity [4]. For instance, for a given
apparatus geometry and particle properties the stable spouting
region (if one exists) is limited by the particle amount (this should
be in the range between the minimum and maximum spoutable
bed heights). Furthermore, the stable spouting appears only in a
limited interval of gas velocities (the range between the minimum
and maximum spouting velocities). Mathur and Epstein specified
in [4] three mechanisms of the spout termination, responsible for
the existence of the upper limit of the particle inventory, which
can be spouted in conventional conical-cylindrical apparatuses,
as: (i) fluidization of annular solids, (ii) chocking of the spout,
and (iii) growth of instabilities at the spout-annulus interface.
The dilute spouting range is located between the minimum dilute
spouting velocity and particle elutriation from the apparatus.
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2.2. Prismatic apparatus

The previous experimental studies on hydrodynamics of this
prismatic geometry comprehend the influence of the gas flow rate,
solids’ properties and inventory, as well as of the inlet size [10–13].

In the following, findings relevant in the context of spouting
stability (and intensity) will be discussed in more detail. In the
experimental investigations by Gryczka et al. [10] the apparatus
with prismatic angle of 60� was characterized. It was found that
to achieve stable spouting conditions the static height of the parti-
cle bed should not exceed the height of the prismatic region. The
range of an inlet-to-bed size ratio, where the initiation of stable
spouting in this apparatus is possible, was identified and correlated
with the Archimedes number of particles. Outside of this range,
different unstable fluidization regimes were found and the stable
dense spouting did not appear at all. The increase in the gas flow
rate is the simplest possibility to increase the particle velocities,
i.e. to achieve a more intense (vigorous) spouting. Furthermore,
the particle rotation is simultaneously increased to some extent,
as found experimentally in [12] by means of magnet monitoring
and by means of simulations with Discrete Particle Modelling
(DPM) in [11,13]. However, regarding to the behaviour at increased
gas velocities a negative property of this geometry was com-
plained, namely a quickly growing flow instability, making the
spouting stability highly dependent on the gas flow rate [10]. In
our recent combined study (DPM and experiment) the behaviour
of this apparatus under conditions of increasing gas flow rate
was treated in more detail [11]. The appearance of the dilute
spouting regime at high gas velocities was also proven for this
spouted bed type. Both stable regimes shown schematically in
Fig. 1 are separated by an instable region at intermediate gas
velocities, which has a substantial extension. Fig. 2 shows a typical
regime map for Geldart D particles with corresponding flow
patterns [11]. In this diagram, the particle Reynolds number at
the gas inlets Rep_in (Eq. (1)) as the ordinate and an inlet-to-bed
size ratio H (Eq. (2)) as the abscissa are used, as specified in [11].

Rep in ¼
mg indpqg

lg
; ð1Þ

H ¼ 2h=Hst ð2Þ

where vg_in is the gas velocity at inlets, dp the particle size, qg the
gas density and lg is the dynamic gas viscosity. H is the ratio
between the inlet width (summed height of both slits) 2h and the
static particle bed height Hst. Two stable spouting regimes
(the dense and the dilute) are separated by an instable region in
the range of intermediate gas velocities (Reynolds numbers). The
transitions of the particle bed state occurring under conditions of
increasing air flow rate and the corresponding pressure drop beha-
viour in the prismatic apparatus can be described as the following
[10,11]:

2.2.1. Fixed bed and internal cavity (FB)
The particle bed remains fixed for a while until a certain gas

velocity at which a small cavity is forming above the gas inlet.
With increasing air flow rate the cavity grows and the particle
bed expands slightly.

2.2.2. Irregular bubbling (IB)
At a certain air flow rate the inlet overpressure becomes high

enough to push the first bubble though the particle bed. After that,
the gas inlet is immediately blocked by the particles sliding down
from the annulus area. This causes an anew growth of the inlet
overpressure and the formation of the next bubble. The produced
bubbles differ in size and arise in different time intervals; therefore
the pressure drop fluctuates at irregular manner with low
frequencies (<4 Hz). This behaviour remains consistent for an
interval of the air flow rate. However, at higher gas flow rates in
this interval the regularity of the pressure signal grows, which
causes a narrowing of the distribution of the Fast Fourier
Transform (FFT) power function. Simultaneously the main fre-
quency travels to higher values.

2.2.3. Stable ‘‘dense’’ spouting (S)
At the minimum spouting velocity a spout is formed. In this

flow state, the gas fluctuations show similar amplitudes and occur
in regular time intervals, which results in a single quite narrow
peak in the FFT power plot. The origin of the regular pressure
fluctuations are the periodic oscillations in the spout cross-section,
as described in [11]. The particle flow is similar to the ‘‘multiple
spouting’’ type previously described by Freitas et al. [14] and
Chen [15] for slot-rectangular beds with a single vertical gas inlet.
When the gas flow rate is further increased, the fluctuations
remain regular for a while. However, at a certain point, slight
periodical alternating spout deflections to the left and to the right
of the central axis arise. Initially the spout deflections have a low
influence on the pressure drop fluctuations. However, these deflec-
tions grow in the intensity with increasing gas flow rate and the
particle flow becomes progressively less structured and pressure
drop behaviour becomes progressively affected.

2.2.4. Instable region (IR)
The alternating spout deflections become very pronounced. The

bed and pressure drop behaviour becomes progressively chaotic.
At high gas flow rates in this range the spout deflections to the left
and to the right lose their periodicity and a large amount of the bed
material can be accumulated temporarily on one side of the
apparatus. The flow structure of a spouted bed with regular
circulating patterns is terminated. The particle motion shows
random events such as spontaneous pulsations (changes in the
bed expansion). The pressure drop fluctuates with different ampli-
tudes and frequencies, which become apparent in additional high
peaks in the FFT frequency domain.

2.2.5. Stable ‘‘dilute’’ (or jet) spouting (DS)
At high gas velocities a second reorganization (stabilization) of

the particle flow can take place. Although, the particles are highly
dispersed in the apparatus, the particle circulation typical for a
spouted bed can be recognized. No oscillations or deflections of
the central jet can be observed. This spouting state can be
identified in the frequency domain by absence of other peaks as
measured in the empty apparatus in the corresponding interval
of the air flow rates.

Besides the gas velocity further factors have an effect on the
spouting stability, such as the prismatic angle and the solids’
frictional properties, as shown in a numerical investigation in
[13]. The DPM simulations performed in that work yielded that a
higher particle friction has a stabilising effect and a reduction of
the (included) prismatic angle can cause flow instabilities.

2.3. Draft tubes and plates

Much work was done in the past on the study of the influence of
different inserts in spouted and spout-fluidized beds. Insertion of
draft tubes or plates changes the spouted bed hydrodynamics
significantly. The minimum spouting velocity, operating pressure
drop, solid circulation patterns, particle cycle times, and gas
distribution are concerned [16]. The draft tubes can improve the
apparatus performance, e.g. enhance the spouting of fine particles
[17], and increase the maximum spoutable bed height [16]. For
entirely conical spouted beds several configurations of draft tubes



Fig. 2. Regime map for c-Al2O3 particles with mean size of 1.77 mm (based on [11]).
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were applied: the nonporous and porous as well as open-sided
ones [18,19]. The latter were proven to be especially suitable for
an enhanced contact. This configuration allows for a better gas
distribution across the bed and higher solid circulation rates due
to an enhanced solid cross-flow from the annulus area into the
spout. For the conical apparatus equipped with open-sided draft
tubes an improved drying performance was found in comparison
with other tubes’ configurations [18]. The insertion of draft plates
in two-dimensional and slot-rectangular beds was investigated
experimentally by Kalwar et al. [20–22] and Luo et al. [23]
accented that a slot-rectangular spouted bed with draft plates is
one of the most promising spouted bed configurations but stability
issues were also reported. A more detailed overview on investiga-
tions on draft tubes or plates in spouted and spout-fluidized beds
can be found in [24].

3. Materials and methods

3.1. Experimental setup and materials

A transparent experimental setup with an ‘‘adjustable’’ geome-
try was installed. A polycarbonate coated with a scratch-resistant
and antistatic layer (Europlex� SDX, Evonik, Germany) was used
as wall material. The 3D drawing of the experimental setup and
a flow chart are shown in Fig. 3 a and b. Ambient air was sucked
through the apparatus by means of an exhaust fan (SKG 420-2V,
Elmo Ritschle, Germany) and the throughput was regulated by a
frequency converter. The flow rate was calculated from air velocity,
measured by using of an anemometer (EE65, E+E Elektronik,
Austria) in the connecting pipe between the gas outlet and the
fan. The snapshots were captured by means of a high-speed
camera (MotionPro Y4, Imaging Solutions, Germany). Since the
apparatus is operated in a sucking mode. The pressure drop was
measured above the particle bed (in apparatus freeboard about
150 mm below the apparatus top, displaced 75 mm laterally from
the central axis of the outlet orifice).by means of a high-speed sen-
sor (differential pressure detector PD-23/8666.1, Keller, Germany).
The sensor was connected to a signal convertor and a data acquisi-
tion system. The sampling frequency of 0.5 kHz was used for mea-
surement intervals of 20 s. The recorded pressure time series were
analysed by using the FFT algorithm in Matlab, whereas the first
8192 sampling points (=213) were used. The number of sample
points is determined by the FFT algorithm, which needs the num-
ber of data points of 2n length. The height of the gas inlet slits was
varied between 1, 2, 3 and 3.5 mm (full opening). Initially the flow
behaviour in the ‘‘starting’’ geometry, described in [10,11] (pris-
matic angle h of 60� and original ‘‘sharp’’ central profile, shown
in Fig. 3c) was characterized. In Table 1 some physical properties
of the used solids are summarized. In our previous investigation
[11], c-Al2O3 particles with dp � 1.8 mm and a density of
1040 kg/m3 were used in experiments and modelled. In this work
this was extended for particles with different properties. The used
glass particles are of similar size compared to c-Al2O3 from pre-
vious work, but have a higher density; the polypropylene and finer
c-Al2O3 particles have a similar density but quite different size. The
used solids are of type B and D in the Geldart classification [25]. All
particles are closely sized and nearly spherical. Two shapes of the
central profile were compared regarding to the influence on the
spouting stability: the original ‘‘sharp’’ profile, used in [10,11],
and a ‘‘smoothed’’ one shown in Fig. 3c. After this, the prismatic
angle was changed to 40�, 50� and 80�, to investigate the influence
on the flow stability. The freeboard width a, the apparatus depth b
and overall apparatus height were hold constant. After each
variation in the apparatus geometry, the setup was sealed with a
silicone to avoid gas leakages. The air flow rate and bed inventory
were varied for each apparatus configuration and particle type.
Several configurations of draft plates were installed to study the
impact on the flow stability. The draft plates were made from
the same polycarbonate as used for the apparatus walls with a
thickness of 10 mm.



Fig. 3. The ‘‘adjustable’’ experimental setup. (a) Drawing (apparatus dimensions: width a = 0.25 m, depth b = 0.1 m, included prismatic angle h = 40�, 50�, 60� and 80�, slits’
height h = 1–3.5 mm; freeboard height Hfr, in dependence on prismatic angle); (b) flow chart (1 spouted bed, 2 anemometer, 3 fan, 4 high speed pressure detector, 5 analog-
to-digital converter, 6 frequency converter, 7 computer, 8 high speed video camera; (c) inlet design and used shapes of the central profile.

Table 1
Properties of used particles.

Particles Size
(mm)

Density
(g/cm3)

Sphericity
(–)

Geldart
type

c-Al2O3 1.77 ± 0.14a 1.04 0.98 D
0.65 ± 0.12 1.04 0.97 B

Glass 1.57 ± 0.26 2.5 0.98 D
Polypropylene 4.40 ± 0.29 0.91 0.93 D

a ±Standard deviations.
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3.2. Determination of stability

The spouting stability and the range, where the stable dense
spouting appears, were identified by evaluation of the pressure drop
behaviour and visual observations. The used criteria were (i) flow
symmetry by visual assessment, as well as (ii) the uniformity and
(iii) the amplitude of the pressure drop fluctuations. These criteria
are based mainly on the investigations on slot-rectangular bed with
one vertical gas inlet by Chen [15] and previous work on the pris-
matic geometry by Gryczka et al. and Salikov et al. [10,11].
According to Chen an ideal stable spouted bed can be characterized
by a steady-state, symmetrical and smooth particle flow [15].

3.2.1. Visual observation
In case of an ideally stable spouting the operating conditions

should remain constant over time [15], i.e. the particles should
permanently pass through similar flow patterns. The distribution
of the solids in apparatus should be symmetrical, as well as the
spout should be continuous and remain at the same position. The
best possibility for the visual assessment of spouting stability is
the observation of the fountain behaviour: the fountain shape
should remain symmetrical, and its position as well as height con-
stant over time.

3.2.2. Uniformity of pressure drop fluctuations
Gryczka et al. correlated the state of the stable spouting in the

prismatic apparatus (in the dense flow range) with uniform pres-
sure drop fluctuations, i.e. the fluctuations with nearly the same
frequency and amplitude [10]. That is if the spouting takes place,
the characteristic fluctuations will clearly dominate the signal,
which would result in a high narrow peak at the corresponding fre-
quency in the frequency domain. The characteristic frequencies are
usually located in a range of 4–10 Hz [e.g. [10, 11, 15, 26], and
[27]]. At gas flow rates outside the window of the stable dense
spouting, the flow instabilities produce perturbances in the pres-
sure signal, which result in additional peaks of not-negligible
heights or in a broad distribution of the power function. Fig. 4
demonstrates some exemplary measurements for different parti-
cles and static bed heights in the starting geometry. In Fig. 4a
several pressure time series and corresponding FFT power plots
are shown for glass particles. For the used static bed height and
particles there is a range of air flow rate (�0.04 . . . 0.045 m3/s,



Fig. 4. Exemplary FFT power spectra for different particles, static bed heights and gas flow rates. (a) For glass particles with d50 = 1.57 mm, Hst = 190 mm (mbed = 3.5 kg); (b)
for c-Al2O3 particles with d50 = 1.77 mm, Hst = 95 mm (mbed = 0.4 kg). Prismatic angle is h = 60� and slits’ height h = 3 mm for both cases. The inserted diagrams show the
corresponding pressure drop time series (the first 4 s of captured signals, respectively).
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two exemplary measurements are shown in the middle figure),
where the pressure fluctuates uniformly with frequency of about
5 Hz. The FFT power plots obtained for time series at lower and
higher air flow rates shows a higher scatter of the frequencies.
Fig. 4b shows in contrast the pressure drop behaviour for condi-
tions where the range of the gas flow rate with uniform pressure
drop fluctuations is still absent because the used static bed is out-
side of the spoutable range (here below the minimum spoutable
value). For a correct interpretation of the pressure drop behaviour,
it should also be noted, that the pressure drop signal is corrupted
by the sensor noise and pressure fluctuations produced by gas sup-
ply. Fig. 5 shows the time series and FFT power spectra obtained for
an empty geometry. The signal captured without an air supply is
depicted in Fig. 5 on the left. The pure sensor noise is completely
random and does not produce characteristic peaks at certain fre-
quencies in the spectrum. But, at elevated air flow rates significant
gas pressure fluctuations can be measured also in the empty appara-
tus. However, these can be clearly distinguished from the fluctua-
tions produced by particles by their frequencies. The fluctuations
measured in the empty apparatus are located in the range of
25–60 Hz. However, as mentioned above, much smaller frequen-
cies in the range of 4–10 Hz are characteristic for spouting.
3.2.3. Amplitude of the pressure drop fluctuations
The uniformity of the pressure drop fluctuations reveals that

similar events occur in the bed in a periodical manner and the
frequency provides information about how often this takes place
in a time interval. For evaluation of the influence of the geometrical
conditions on the spouting coherence (smoothness) the amplitude
of the pressure drop fluctuations was additionally examined. In
this work we valued an increase in the amplitude of the bed and
pressure fluctuations as a trend towards flow destabilization.
Apparently, an ideally continuous particle circulation should not
produce significant fluctuations. However, Chen assumed the par-
ticle flow in a slot-rectangular spouted bed to be always accompa-
nied by fluctuations [15]. Therefore for these beds, a steady-state
spouting with minimal fluctuations was considered as the most
stable case. Dogan et al. [28] described the distinct incoherent
spouting as a regime with extreme bed pulsations and periodical
cluster-wise entrainment of particles in the spout. This results in
a fountain having a pulsating variable height and intermittent
particle flow in the upper part of the annulus. If the amplitude of
the bed fluctuations significantly grows, the spouting becomes
progressively incoherent.
4. Results and discussion

4.1. Apparatus without draft plates

In the following the impact of the shape of the central profile
and of the prismatic angle h will be described and discussed. The
main mechanisms causing instabilities in the spouted bed of this



Fig. 5. Pressure drop time series measured in an apparatus without any particles and the corresponding FFT power spectra. Setup with prismatic angle h of 60� and slits’
height h = 3 mm.
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type were specified in our previous work [11] as (i) the alternating
spout deflection with increase in air flow rate and (ii) the bed pul-
sations (incoherence) due to oscillations in the spout cross-section,
which grows with static bed height and inlet size. Therefore, in this
work it was particularly intended to observe the influence of
undertaken geometrical variations on these effects. The alternating
spout deflection can be recognized by a visual observation (Fig. 2)
and non-visually by pressure drop signal [10,11]. For the incoher-
ent behaviour a strong change in bed expansion (fountain height)
in a periodical manner and high amplitude of the pressure drop
fluctuations are characteristic.

Gryczka et al. [10] hypothesized that the shape of the central
profile can be the reason for the instability growth by the alternat-
ing spout deflections and an optimization of the geometry of this
profile can lead to a more stable spouting over a larger range of
the gas flow rate. Therefore, in this work, we initially evaluated
the influence of central profile on flow stability by replacing the
‘‘sharp’’ profile in the apparatus with prismatic angle of 60� (used
by Gryczka et al.) by a ‘‘smoothed‘‘ one (Fig. 3c). However, accord-
ing to the visual observation and pressure drop behaviour, this
modification of the central profile showed a low influence on the
bed behaviour under the condition of an increasing air flow rate.
The particle flow patterns shown in Fig. 2 are hardly influenced
by the profile and the impact on the spouting stability is negligible.
The flow destabilization by alternating spout deflections is neither
eliminated nor remarkably reduced. Therefore, further investiga-
tions on influence of prismatic angle and draft plates were contin-
ued with the original ‘‘sharp’’ geometry of the central profile. This
is because the ‘‘smoothed’’ profile geometry is significantly more
complex in the production (the profile was eroded from a massive
steel block), compared to the ‘‘sharp’’ shape, so that there is no rea-
son for this modification.

The influence of the prismatic angle was investigated both for
increasing and decreasing angles. The prismatic angle has a pro-
nounced influence on the particle flow. Regarding the instability
mechanisms specified above, an increase of the basis angle facili-
tates the alternating spout deflection, but reduces the incoherence
and vice versa. In apparatuses with prismatic angles higher than
60� the first and with angles lower than 60� the second mechanism
seem to dominate. The typical visual appearance of the alternating
spout deflection can be seen in Fig. 2 for the reference geometry
with prismatic angle of 60� and in Fig. 9a for 80�. In apparatuses
with angles of 60� and 80� this deflection decreases only slightly
with an increase of the static bed height. For reduced prismatic
angles of 40� and 50� the suppression of the spout deflection by
the bed is more pronounced, however the decrease in the angle
provokes a significant growth of spouting incoherence. Fig. 6
shows the amplitude of the pressure fluctuations plotted in depen-
dence of the prismatic angle and air flow rate. The amplitude is
expressed as standard deviations (STD) of the measured pressure
time series. For all prismatic angles, this amplitude grows with
the air flow rate, passes through a global maximum and decreases
again. This decrease can also be utilized for the determination of an
initiation of dilute spouting regime, as proposed in [29] for an
entirely conical bed. If one compares the curves measured at differ-
ent prismatic angles, it is conspicuous, that the amplitude of the
pressure drop fluctuations and thus the incoherent flow behaviour
increases with decreasing prismatic angle. The highest maximum
of pressure drop fluctuations corresponds to the lowest prismatic
angle of 40�. The influence of the bed inventory on spouting
incoherence is shown in Fig. 6b for two prismatic angles (50� and
80�) and inlet size of 3 mm. As ordinate the maxima of the ampli-
tude of pressure drop fluctuations, measured for different bed
inventories, are shown. The magnitude of the pressure drop
fluctuations is higher for the apparatus with lower prismatic angles
of 50� for all applied bed inventories and grows faster with increas-
ing of the static bed height (bed weight). As shown in our previous
DPM study [11], the pressure drop fluctuations in this bed are
caused by the oscillations in the spout cross-section. The spout
shape in this apparatus is not constant; it changes the shape from
a minimum to a maximum cross-section in a periodical manner. In
Fig. 7 these oscillations are shown schematically. The necking of
the spout takes place in the bottom part of the spout (in the area
above the central profile). The spout is partially chocked during
such an oscillation which causes a pressure variation. Due to the
slanted walls in the prismatic part the annular particles slide under
influence of the gravity towards the spout and cause a local defor-
mation of the spout-annulus interface. A possible explanation for
higher amplitude of the pressure drop fluctuations and progres-
sively incoherent behaviour is that a decrease of the prismatic
angle raises the magnitude of this spout deformation. The particles
in the annulus are hardly fluidized, are rather in long time contact
than in a colliding state and move downwards as a bulk [11]. The
annulus weight loads from one side the apparatus wall and on
the other side the gas jet. The instantaneous spout shape is
determined by stresses acting in the spout-annulus interface. The
resolution of the annulus weight in directions normal and parallel
to the slanted wall (towards the spout bottom part) are predeter-
mined by the given prismatic angle. The force component parallel
to the slanted wall Fp = Fg cos (h/2) grows if the included angle of



Fig. 6. Influence of prismatic angle and bed inventory on pressure drop behaviour. (a) Influence of the angle on the amplitude of pressure drop fluctuations, STD: the standard
deviation, bed mass 1 kg; (b) influence of the bed inventory on the amplitude of the pressure drop fluctuations; (c) influence of bed inventory on the frequency of pressure
drop fluctuations in apparatus with prismatic angle of 50�. In all three cases polypropylene particles and slits’ height of 3 mm were used.

Fig. 7. Schematic representation of incoherent behaviour due to the oscillations of the spout cross-section (based on [11]) and design of bottom draft plates.

V. Salikov et al. / Advanced Powder Technology 26 (2015) 718–733 725
the prismatic part is reduced. At reduced prismatic angles, the par-
ticles in the annulus achieve a higher velocity and thus momen-
tum. Thus, the load and deformation of the spout-annulus
interface grow both with an increase of the annulus weight and a
decrease of prismatic angle. The anew straightening of the spout-
annulus interface during such an oscillation may occur by release
of the necking under shear exerted by the gas jet. The particles
entrained during the decollation of these areas are transported
upwards as large clusters.

Both effects in a superposition (the angle reduction and increase
in the bed mass) can finally cause for low prismatic angles and
deeper particle beds a slugging-like behaviour, similar to that



Fig. 8. The bed behaviour at increasing air flow rate in apparatus with draft plates. Prismatic angle of 80�, one plates’ pair, slits’ height 2 mm, 2 kg of glass particles. Air flow
rates: (a) 0.037 m3/s, (b) 0.041 m3/s, (c) 0.046 m3/s. Snapshots were captured with time interval of 0.2 s.
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described by Mathur and Epstein [4] for conventional spouted
beds. In this regime the entire bed tends to be lifted by the air flow
in a periodical manner. This instability is also identifiable non-
visually by means of the pressure drop signal. Fig. 6c shows the
main frequencies of the pressure drop fluctuations, obtained from
FFT transform, plotted against the air flow rate for different bed
inventories. The onset of this slugging-like regime is accompanied
not only by very high amplitudes of the gas pressure fluctuations
but also by a breakdown in the frequency growth with the air flow
rate beginning from a certain ‘‘critical’’ bed inventory (for
polypropylene in Fig. 6c at the bed mass of about 1 kg). With
increase of the gas flow rate initially the central area of the bed
above the inlet becomes loose and a bubbling is initiated ‘‘as
usual’’. With further increase in the gas flow rate bubbles arise
more frequently. Therefore the frequency of the pressure drop
fluctuations produced by bursting of the bubbles on the bed sur-
face grows. However with an increase of the gas flow rate this
regime will not turn into the spouting and a further increase of



Fig. 9. The pressure drop behaviour at increasing air flow rate in apparatus with draft plates. Prismatic angle of 80�, one plates’ pair, slits’ height 2 mm, 2 kg of glass particles.
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the frequency to 5–6 Hz, but result in a different fluidization
mechanism. No continuous spout in the central area of the bed will
arise. Probably the onset of the slugging-like behaviour can be cor-
related with the loosening of the annulus area. With increasing air
flow rate the central area of the bed becomes better agitated, but
the annulus remains less mobile during the bubbling period. But,
at a certain gas velocity also the annulus becomes loose enough
to allow for a massive particles’ displacement towards the central
area. Under conditions of a low prismatic angle (and high enough
bed mass) the particle supply from the annulus causes a blockade
of the area above the inlet and a redistribution of solids in the over-
laying apparatus part. To overcome this state, the blockade itself
and the particle layers above should be lifted by gas jet. The entire
particle bed behaves thereby like an arc, which arises, expands and
erupts in a periodical manner. The lifting of almost the entire par-
ticle bed requires a buildup of a significantly higher underpressure
and this event takes a longer time than an oscillation in the spout
diameter; therefore the amplitude of the pressure drop fluctua-
tions is higher and the fluctuations’ frequency lower.

Nevertheless, a reduction of the cone/prismatic angle can bring
some advantages for the application. A reduced angle provokes a
lower reduction of gas velocity within the prismatic part, as well
as provides for a steeper annulus with a faster downwards particle
motion. The spouting becomes more intense (vigorous) and a
formation of dead zones is less probable. Additionally, in the
apparatus with a small angle more particles reside in the spraying
zone. Therefore apparatuses with a small angle should be prefer-
able for applications requiring high particle translational and
angular velocities as well as circulation rates, e.g. such as coating.
For instance, Publio and Oliveira [30] experimentally found out
that for a conventional spouted bed both the growth rate and qual-
ity of the coating layers increase when the cone angle is reduced
from 60� to 40�. Salikov et al. [13] compared the particle dynamics
in a prismatic apparatus for the same angles by means of DPM
simulations of a shallow particle bed. A significantly broader dis-
tribution of the particle velocity and higher particle rotation was
found for the reduced angle. However, the spouting stability was
found to be significantly affected. As shown above for deeper beds,
the spouting in the apparatus with low prismatic angle is less
stable due to a reduced coherence and a pronounced disposition
to the slugging-like behaviour. Whereas, in the apparatus with
an angle of 40� the slugging occurs already at relatively low static
bed heights. Moreover, in this configuration at elevated air flow
rates spout often adheres to one of the side walls in a permanent
manner. Therefore, decreasing the prismatic angle until 40� does
not seem to be reasonable, particularly if the apparatus should
be used with substantial bed masses; we suggest this is the lowest
limit for this apparatus type. This value is also in agreement with a
cone angle of 40� specified by Mathur and Epstein [4] for conven-
tional spouted bed and higher than the limiting value of 28� for
entirely conical apparatuses specified by Olazar et al. [31].
However, the prismatic angle of 50� is indeed an interesting com-
promise between the spouting intensity and stability, and an
investigation worth for future comparative DPM and coating stud-
ies on this apparatus. The reduced disposition to the alternating
spout deflection of apparatuses with reduced prismatic angle is
advantageous and the increased level of the incoherence is
however detrimental.



Fig. 10. The pressure drop behaviour at increasing air flow rate in the reference apparatus. Prismatic angle of 60�, without draft plates, slits’ height 2 mm, 2 kg of glass
particles.

Fig. 11. Comparison of the maximum amplitude (STD) of the pressure drop
fluctuations for different configurations of prismatic spouted beds. Slits of 2 mm
height and the bed of 2 kg of glass particles are used in each case.
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4.2. Draft plates

This section describes a method to make the spouting in this
apparatus especially stable and the spouting stability virtually
independent on the gas velocity. As described above, all stability
issues could not be encountered by a manipulation with prismatic
angle. Therefore, different configurations of draft plates were
applied in attempt to fix both the alternating spout deflection
and the spouting incoherence, simultaneously. According to our
previous DPM work [11], the area above the central profile seems
to be of the highest interest, because this is the place where the
incoherence originates from. In this zone both particle flows
initiated at gas inlets merge to one spout. Simultaneously, the
oscillations in the spout cross-section occur here. To suppress
these oscillations small drafts plates (height of 30 mm) slanted
towards the spout inner were applied (Fig. 7 right). The plates
focus the spout and constrain it to the approximately minimal
cross-section of an oscillation. The effect of the plates on the parti-
cle flow profile is shown in Fig. 8 for the apparatus filled with 2 kg
of glass particles. The achieved spouting fulfills very well stability
criteria proposed by Chen [15]: the particle flow is steady-state,
smooth and symmetrical. Both instability effects namely the alter-
nation spout deflection and the incoherence are suppressed. The
height of the fountain remains nearly constant with time. This sta-
bility is widely independent on the gas velocity; the increase in the
gas flow rate results only in a growing fountain height, without
disturbing the uniform particles’ circulation. Fig. 9 shows the evo-
lution of the pressure drop fluctuations for the apparatus config-
uration, shown in Fig. 8, in contrast to the reference geometry,
filled with the same amount of glass particles (Fig. 10). The evolu-
tion of the pressure behaviour with the air flow rate is different for
both geometries. The trend in Fig. 10 resembles well the typical
behaviour of the reference apparatus, shown exemplarily in
Fig. 4a and described in more detail in [10,11]. The regular pressure



Fig. 12. Flow asymmetries in the apparatus without draft plates and those resulting from unsuitable dimensions of draft plates. (a) The apparatus without draft plates at air
flow rate of 0.035 m3/s; (b) with short plates, air flow rate 0.029 m3/s, (c) with long plates, air flow rate 0.03 m3/s. Prismatic angle of 80�, slits’ height 3 mm, bed: 1.5 kg of c-
Al2O3 particles with d50 = 1.77 mm; snapshots were captured with time interval of 0.2 s.
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drop behaviour is consistent only over a limited range of the air
flow rate, after this a flow destabilization takes place. Single nar-
row peaks in the frequency domain, specified by Gryczka et al.
[10], as an attribute of the initiation of stable spouting, can be
found at air flow rate of �0.03 m3/s for the first time. The appear-
ance of an additional peak in the frequency domain can be seen in
the power plot corresponding to the gas flow rate of 0.041 m3/s.
The non-uniformity of the fluctuations can also be directly
observed in the captured pressure drop signal. With further
increase in the air flow rate this irregularity grows and results in
a high scatter of detected frequencies. The pressure drop behaviour
of the optimized geometry is different. The frequency of the
initiated spouting is higher (�9 Hz compared to �6 Hz in the refer-
ence case) and the increase of the air flow rate does not lead to the
irregularities in the pressure drop signal. The pressure data in the
bottom sequence in Fig. 9 corresponds to the particle flow patterns
shown in Fig. 8. The pressure continues to fluctuate uniformly at
the air flow rates of 0.037 and 0.041 m3/s (states a and b in
Fig. 8). The flow at the highest of the shown gas velocities
(0.046 m3/s) produces however no pronounced peaks in the fre-
quency domain. The measured pressure signal and FFT power plot
in the relevant range of 0–25 Hz are comparable with the sensor
noise (Fig. 5). This behaviour is typical for a stable dilute spouting
regime [11], although a high amount of particles in the apparatus is
still in the dense state in the shown case (Fig. 8c). The reason for
this behaviour should be however the same as for the dilute spout-
ing; this implies that no flow mechanism is present which can
cause significant pressure fluctuations, like oscillations in the spout
cross-section or a bursting of bubbles. The entrainment of particles
by the spout from the annulus area and the particle circulation in
the apparatus are very uniform and steady-state. At lower gas flow
rates, i.e. in the range where periodical pressure drop fluctuations



Fig. 13. Dense and dilute spouting in geometry with draft plates. (a) The plates’ configuration for dense spouting of deeper particle beds, 1.5 kg of c-Al2O3 particles with mean
size of 1.77 mm, air flow rate 0.03 m3/s; (b) shallow bed and dilute spouting, one plates’ pair, bed 0.5 kg of c-Al2O3 particles with d50 = 1.77 mm, air flow rate 0.029 m3/s. In
both cases prismatic angle of 80� and slits’ height of 3 mm were used. Snapshots were captured with time interval of 0.2 s.
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are present, these have small amplitudes. Fig. 11 shows a compar-
ison of the maxima of the amplitude of pressure drop fluctuations
for the reference (60�, without plates) and optimized (80�, with
plates) geometries, as well as for a geometry with a prismatic angle
of 80� and without draft plates. The geometry with a prismatic
angle of 80� has the lowest amplitude of the pressure drop fluctua-
tions from all geometries without draft plates (Fig. 6a), i.e. the
highest prismatic angle ensures the most coherent behaviour in
the investigated range. The insertion of draft plates in this config-
uration allows for further improvement of this parameter.
However, it should be noted that the high prismatic angle of 80�
is yet sufficient to provide for a throughout circulation without a
formation of dead zones in the annulus for used Geldart D and B
particles, but can lead to this issue in case of finer ones.

Investigations with increasing and decreasing static bed height
in the geometry with draft plates showed that this configuration
only performs well for static bed heights, which did not signifi-
cantly differ from the height of the upper edges of the draft plates.
In general, the best stability is achieved if the static bed is at the
same level or slightly below. For static bed heights significantly
higher than the plates’ upper edges the alternating spout deflection
appears again as shown in Fig. 12b (compare with the behaviour,
shown in Fig. 12a for the apparatus with the same prismatic angle
but without draft plates). The adjustment of the plates’ height
(Fig. 12c) on the static bed height in fact solved this issue, but a
different instability arises, namely an unsymmetrical solids’ dis-
tribution in the annulus sections. This kind of instability was also
reported for the slot-rectangular spouted bed with one vertical
gas inlet by Luo et al. [23] and a rectangular spout-fluidized bed
by Sutkar et al. [32]. The bed asymmetry increases, if the static
bed height is reduced again and the static height becomes smaller
than the height of the draft plates. This issue could be encountered
by means of a configuration using two pairs of plates (Fig. 13a).
This spouted bed can be regarded as a kind of rectangular analogue
to the open-sided tubes used by Altzibar et al. [18,19] for entirely
conical spouted beds. This configuration provides for enlarged
interaction areas between spout and annulus compartments and
additional pathways for the particle circulation. The spouting of
deeper beds achieved with two pairs of draft plates is very uniform
and the stability is also highly independent on the gas velocity,
however if the top pair of plates is correctly positioned. Some sim-
ple practical recommendations for this positioning can be given as:

(i) The vertical position should be adjusted on the static bed
height; upper edges of top plates should approximately level
the static bed height (or vice versa).

(ii) After leaving the area between bottom plates the spout has a
slightly diverging shape. Therefore, if deeper particle beds
should be used, the horizontal distance between the top
plates have to be slightly enlarged to fit the spout.

Therefore, for laboratory plants, which are usually used for
experiments with different particles and bed inventories, the posi-
tion of the upper pair of draft plates should be made adjustable.
E.g. for our setup we realized this by means of strong magnets
implanted into the top plates, to allow the plates’ replacement



Fig. 14. The positioning of the bottom and top pairs of draft plates. (a) In ‘‘two-plates’’ arrangement and (b) in ‘‘four-plates’’ arrangement. The dimensions are specified in
Tables 2 and 3.

Table 2
Fixed dimensions of optimized apparatus geometry.

Dimension Hpl_bottom

(mm)
Wpl_bottom

(mm)
hpl_bottom

(mm)
hpl_top

(mm)
c
(�)

Value 80 34 30 30 30
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from outside. The details to the positions and shape of the bottom
plates can be found in Fig. 14a and Table 2. These positions are
optimal regarding the flow stability; at least for all particles used
in this work, which means that the particle flow patterns were con-
stant over time and the spout coherent. For shallow beds the top
pair of the plates is redundant. The optimal positions of top plates
for solids and bed inventories used in this work are given in
Fig. 14b and Table 3. The apparatus with included prismatic angle
of 80� in combination with draft plates provides the most stable
regime. Contrary to the reference apparatus, in the geometry
equipped with draft plates the static bed height is permitted to
exceed the height of the prismatic region (Fig. 13a). However, if
vertical distances between the bottom and the top pairs of plates
become high (for high static beds), an additional periodical oscilla-
tion of the spout in the areas between the top and bottom pairs of
plates arises. For very shallow static beds a stable dilute spouting
was also observed in the apparatus equipped with draft plates.
The corresponding particle flow patterns are shown in Fig. 13b.

4.3. Geldart B particles

Traditionally, spouted beds are applied for large particles
(Geldart D). Nevertheless, there are several reports for application
of spouted beds for fine and light particles by means of dilute
spouting regime, e.g. [1,2]. However, a practical application of this
regime is limited to quite shallow particle beds. Furthermore, large
apparatuses are required for dilute spouting of fine particles. The
investigations on dilute spouting of particles finer and lighter than
Geldart B were not covered in this work due to insufficient free-
board height of the experimental setup, as well as deeper beds of
Geldart B particles with ‘‘four-plates’’ arrangement. The adjustable
apparatus was not designed high enough from the standpoint of
limited mechanical stability at underpressure conditions. Geldart
B particles used in this work (Table 1) showed indeed a very small
interval of the stable (dense) spouting, irrespective of the used
prismatic angle. The spout was quite discontinuous (rather similar
to an area with small ascending bubbles in the central region of the
apparatus), which results in broader peaks in the FFT power plots.
A rather continuous spout and more extended interval of the dense
spouting could be found only in apparatus with the highest of the
investigated prismatic angle (80�). The draft plates also improved
the apparatus performance for finer particles, which is also in
accordance with behaviour of conventional axisymmetric beds
equipped with draft tubes [17,18]. Fig. 15 shows transition lines
between regimes obtained for apparatus with and without draft
plates for Geldart B particles used in this work, in a comparison.
The area of the stable (dense) spouting is enlarged.
5. Conclusions

This paper presents an investigation especially on spouting sta-
bility on a slot-rectangular (prismatic) spouted bed with two
adjustable gas inlets, which is widely used in the industry. On
the basis of this study an optimization of the apparatus with regard
to improvement of the spouting stability of large particles is pro-
posed. The study comprehended the investigations on the effect
of the shape of the central profile, the angle of the prismatic



Table 3
Positioning of top draft plates in apparatus with prismatic angle of 80�.

Particles Bed mass
(kg)

Pairs of
plates

Hpl_top

(mm)
Wpl_top

(mm)

Glass, dp � 1.57 mm 0.5 Bottoma – –
0.75 Bottom – –
1.0 Bottom – –
2.0 Bottom – –
3.0 Bottom and

top
140 34

4.0 Bottom and
top

165 34

5.0 Bottom and
top

198 40

6.0 Bottom and
top

216 40

c-A2O3, dp � 1.77 mm 0.5 Bottom – –
0.75 Bottom – –
1.0 Bottom and

top
135 34

1.5 Bottom and
top

160 34

2.0 Bottom and
top

170 34

2.5 Bottom and
top

230 50

Polypropylene
dp � 4.4 mm

0.25 Bottom – –
0.5 Bottom – –
0.75 Bottom – –
1.0 Bottom – –
1.5 Bottom and

top
160 34

2 Bottom and
top

200 40

2.5 Bottom and
top

240 50

c-A2O3, dp � 0.65 mm 0.5 Bottom – –
0.75 Bottom – –
1.0 Bottom – –
1.5 Bottom – –
2 Bottom – –
2.5 Bottom – –

a The positions of the bottom plates are the same for all shown cases (Hpl_bottom

and Wpl_bottom in Table 2).

Fig. 15. Comparison of the extension of the dense spouting range for Geldart B particle
Prismatic angle of 80�, c-Al2O3-particles with mean size of 0.65 mm, FB: fixed bed, IB: i
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apparatus region and draft plates. For determination of the stabil-
ity the evaluation of the pressure drop behaviour and visual obser-
vations of the particle flow patterns were applied. As stability
criteria the flow symmetry, repeatability of the particle flow
patterns over time, as well as the uniformity and amplitude of
the pressure drop fluctuations were used. In the reference geome-
try the main sources of instability are the alternating spout deflec-
tions and spout incoherence. The first mechanism is responsible for
the flow destabilisation with gas velocity beyond a certain value.
The spout incoherence increases with static bed height. When
the smoothing of the shape of the central profile showed a negligi-
ble influence, the prismatic angle was found to have a significant
effect on the flow stability. Regarding both apparatus-specific
instability mechanisms (alternating spout deflections and incoher-
ence), the increase of the basis angle facilitates the alternating
spout deflection, but reduces the spouting incoherence and vice
versa. In apparatuses with prismatic angles higher than 60� the
first and with the angle lower than 60� the second mechanism
seem to dominate. In geometries with a low prismatic angle an
increase of the static bed height beyond a certain value can lead
to a slugging-like behaviour. Thus, both instability issues cannot
be simultaneously minimized alone by the manipulations with
prismatic angle.

A further tested modification was the introduction of draft
plates. A design of draft plates is presented, which provides for sig-
nificantly improved quality of particle flow. Concerning the spout-
ing stability, the best found configuration was the apparatus with
the included prismatic angle of 80� equipped with draft plates.
The achieved stability is highly independent on the gas velocity.
In the correspondingly designed apparatus, the spouting of
Geldart B particles is improved. For shallow beds of large particles
(Geldart D) a highly coherent dense spouting regime passes con-
tinuously into the stable dilute-like spouting, without stability loss
at intermediate gas velocities, characteristic for the reference and
any other investigated geometry. The symmetry of the bed mate-
rial distribution in the annulus depends on the relation between
the length of draft plates and static bed height. The static bed
height should be levelled on the upper edge of draft plates. To
achieve a symmetrical distribution of solids in the annulus area
in case of deeper beds, the apparatus should be equipped with
s; left apparatus without draft plates; right apparatus with one pair of draft plates.
rregular bubbling, IR: instable region.
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open-sided plates (two pairs of plates). The positioning of the top
pair of plates is individual for different static bed heights and par-
ticle properties.
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