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� The particle type determines the optimal vortex chamber design.
� A strong central vortex is essential to prevent fine particle losses via the chimney.
� Solids outlets help maintaining a strong central vortex.
� Sufficiently high velocity gas injection is essential for efficient particle retention.
� Limitations with too strong or too small gas inlet jets are demonstrated.
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a b s t r a c t

Two design aspects of vortex chambers for the generation of gas-solids rotating fluidized beds are exper-
imentally studied for different types of particles: the solids outlet(s) and the gas inlets. Efficient solids
retention and minimal solids losses via the chimney are aimed at so that the gas and solids residence
times can be controlled independently. The importance of a strong vortex in the central particle bed free-
board region is demonstrated. It is shown that separate, well-dimensioned and -positioned solids outlets
prevent a significant presence of particles in the freeboard region, increasing the vortex strength in this
region. This is found to be particularly important when fluidizing small/light particles. The ratio centrifu-
gal force-to-radial gas-solid drag force that is generated by the gas injection is shown to also have an
important impact. Theoretically it is shown that this ratio strongly depends on the particle characteristics
and to what extent it can be increased by increasing the gas injection velocity, preferentially by reducing
the gas inlet slot size and otherwise the number of gas inlet slots. Experiments with different vortex
chambers and particles qualitatively confirm the theoretical expectations, but show that limitations
are encountered. A very high gas injection velocity prevents efficient penetration of especially fine/light
particles in the gas inlet jets which is detrimental for the transfer of tangential momentum between the
gas and the particle bed. Slots smaller than the particle size are also shown to be inefficient, as they gen-
erate rotational motion of the particles around their own center of gravity.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Interest in gas-solid rotating fluidized beds in vortex chambers
comes from the process intensification that can be achieved as a
result of high-G and eventually multi-zone operation. These open
perspectives for both significantly reducing equipment size and
developing novel processing routes. The former was numerically
demonstrated by Trujillo and De Wilde (2010, 2012) for fluid cat-
alytic cracking (FCC), by Staudt et al. (2011) and Ashcraft et al.
(2012) for biomass pyrolysis/gasification, and by Ashcraft et al.
(2013) for the simultaneous adsorption of SO2 and NOx (SNAP).
Experimental demonstrations of size reduction are mainly in the
field of drying (Kochetov et al., 1969a, 1969b; Volchkov et al.,
1993, 2003; Eliaers and De Wilde, 2013; Eliaers et al., 2015; Pati
et al., 2016). A vortex chamber device for the first-stage drying of
granular materials was used at the commercial scale for agricul-
tural applications (Volchkov et al., 2003). An example of a novel
processing route based on vortex chamber technology was given
by Eliaers et al. (2014) who studied the low-temperature wet coat-
ing of cohesive particles in a two-zone vortex chamber device.
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Nomenclature

List of symbols
ac centrifugal acceleration [mr/s2]
dp particle diameter [m]
D vortex chamber diameter [mr]
f frequency [1/s]
f factor
L vortex chamber length [mr]
m mass [kg]
n number of gas inlet slots
P pressure [Pa]
R radius [mr]
s single slot width [mr]
S surface area [m2

r ]
tb particle bed thickness (radial direction) [mr]
u gas velocity (interstitial) [mr/s]
v solids velocity (interstitial) [mr/s]
V volume [m3]
b drag coefficient [kg/m3

r /s]

ei volume fraction phase i [m3
i /m3

r ]
qi density phase i [kgi/m3

i ]
k Eq. (11)

Subscripts
b bed
eff effective/effectiveness
g gas phase
i inner
inj injection
o outer
r radial
r reactor
renew renewal
s solids
t tangential
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High-G operation allowed reducing the effect of the inter-particle
van der Waals forces and treating cohesive particles. Recently,
the potential of combining high-G intensified gas-solids contact-
ing, gas-solids separation and solids segregation was recognized
(De Wilde et al., 2016; Weber et al., 2017; Verma et al., 2017).

The fluid dynamics and design of gas-solid rotating fluidized
beds in vortex chambers has been studied by various groups, but
is still not fully understood (Kochetov et al., 1969a,b; Anderson
et al., 1971, 1972; Lewellen and Stickler, 1972; Folsom, 1974;
Smulsky, 1983; Vatistas et al., 1986; Volchkov et al., 1993, 2013;
De Wilde and de Broqueville, 2007; 2008a,b; 2010; Sazhin et al.,
2008; Dvornikov and Belousov, 2011; Pitsukha et al., 2012; De
Wilde et al., 2016; Weber et al., 2017; Verma et al., 2017). The fluid
dynamics is complex and shear at the end walls generates differ-
ences in rotation speed depending on the axial position. This effect
is pronounced in the absence of particles, leading to strong bound-
ary layer flows along the end walls and axial-radial circulation pat-
terns in the chamber (Savino and Keshock, 1965; Volchkov et al.,
1993). In the presence of a particle bed, the effect persists, but is
dampened (Volchkov et al., 1993; Trujillo and De Wilde, 2011).
Controlling the axial motion on top of the rotational motion is
interesting in the context of multi-zone operation – see De Wilde
(2014) for more details.

An efficient vortex chamber design must essentially guarantee
efficient solids retention with minimal solids losses via the chim-
ney. This allows building up a dense and uniform rotating fluidized
bed and controlling independently the gas and solids residence
times. It requires a centrifugal force that is high compared to the
radial gas-solid drag force. When the centrifugal force compen-
sates the pressure drop over the bed – the so-called cyclostrophic
balance, a pseudo-fluidized concentrated particle layer can be
formed. The bed is then at maximum density and tangentially,
but not radially fluidized. As the superficial gas velocity in the
radial direction remains smaller than the minimum fluidization
velocity of the particles in the generated high-G field, bubbles
are typically not formed. In other cases, the force balance is
reached with a less dense and radially fluidized bed. meso-scale
non-uniformities can then be formed (De Wilde and de
Broqueville, 2007; 2008a,b, 2010). The unique flexibility of vortex
chamber generated rotating fluidized beds with respect to the
gas flow rate results from the counter-acting forces being affected
by the gas flow rate in similar ways (De Wilde and de Broqueville,
2008a,b). The minimum fluidization velocity varies as such with
the gas flow rate, as explained in de Broqueville and De Wilde
(2009), so that a dense pseudo-fluidized rotating fluidized bed
can be maintained in a relatively wide gas flow rate range.

The most important design parameters of a vortex chamber are
the diameter and length, the chimney diameter and insertion
length, the number of gas inlet slots and their size, and the solids
inlet and outlet for operation with a rotating fluidized bed. Study-
ing a limited number of vortex chamber designs in the context of
granular material drying, Kochetov et al. (1969a) defined recom-
mendations on ratios of dimensions to be respected. Some basic
guidelines for slot design and operating conditions were given in
Dutta et al. (2010). Considering the feeding of a batch of particles
to a vortex chamber, Trujillo and De Wilde (2011) and De Wilde
et al. (2016) showed by means of respectively Computational Fluid
Dynamics (CFD) and Discrete Particle Method (DPM) simulations,
the importance of a strong vortex in the particle bed freeboard
region for efficient solids retention. The rotating fluidized bed is
in a sense accelerated and stabilized from two sides, from the outer
side by the tangential injection of the gas and from the inner side
via the formation of a strong vortex. Reducing the chimney diam-
eter was shown to increase the strength of this vortex, but comes
at the cost of an increased pressure drop. The latter can eventually
be reduced by making use of a dual-chimney design. The present
paper focuses on the solids outlets and the gas inlet slot design.
An experimental study with different vortex chamber designs
and different types of particles was carried out to gain insight in
the fluid dynamics and the influence of these design parameters.
2. Theoretical influence of the gas inlet slot design

A theoretical analysis on the influence of the gas inlet slot
design is presented assuming a uniform and relatively thin
monodisperse rotating fluidized bed. Expressing that the centrifu-
gal force on a particle should be larger than the radial gas-solid
drag force:

2esqsv2
t

D
> bur; ð1Þ

with both left and right hand side in [N/m3 reactor] and assuming a
zero radial particle velocity. Considering a solids volume fraction
es > 0:2 and turbulent flow and focusing on the region at a certain
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distance from the gas inlet slot where the gas flows nearly radially,
the drag coefficient can be calculated from (Gidaspow, 1994):

b ¼ 1:75egqgur=dp ð2Þ
so that Eq. (1) becomes:

2esqsv2
t dp > 1:75egqgu

2
r D ð3Þ

A relation between the tangential velocity of the particles v t

and the gas injection velocity ut;inj can be derived considering that
the tangential momentum of the bed has to be renewed with a cer-
tain frequency f renew to compensate for shear and that the tangen-
tial momentum injected with the gas is transferred to the particle
bed with an effectiveness f t;eff :

egqgu
2
t;injf t;eff

Sinj
Vreactor

¼ esqsv tf renew
2tb
D

ð4Þ

with tb the particle bed thickness (in the radial direction). Hence:

v t ¼
egqg

esqs

� �
� u2

t;injf t;eff
f renew

 !
� Sinj

Vreactor

� �
� D

2tb

� �
ð5Þ

With n gas inlet slots of width s:

v t ¼
egqg

esqs

� �
� u2

t;injf t;eff
f renew

 !
� 4ns
pD2

� �
� D

2tb

� �
ð6Þ

The radial gas velocity ur at a certain distance from the gas inlet
slots follows from the gas injection velocity ut;inj as:

ur ¼ nsut;inj

pDeg
ð7Þ

Substituting Eqs. (6) and (7) in Eq. (3) gives:

u2
t;inj >

1:75
4

� D
2dp

� �
� esqs

egqg

 !
� f renew

f t;eff

 !2

� tb
eg

� �2

ð8Þ

The tangential momentum renewal frequency f renew of the bed
depends on the shear with the walls, so that it can be estimated
from:

f renew ¼ K � esqs �
v t

D0:5 ð9Þ

Substituting Eq. (6) into Eq. (9):

f 2renew ¼ Kegqg

D0:5

� �
� 4ns
pD2

� �
� u2

t;injf t;eff ð10Þ

so that Eq. (8) becomes:

ns
pD

� �
� k <

2f t;eff
1:75K

� dp

esqs

� �
� eg

tb

� �2

� D0:5 ð11Þ

The design parameter k is the ratio of the total gas inlet surface
area and the surface area of the vortex chamber cylinder. Experi-
mental observations and CFD simulations with tracer gas show
that in most cases the injected gas rapidly transfers its tangential
momentum to the particle bed (De Wilde, 2014) but f t;eff is smaller
than one. In particular cases, f t;eff can become particularly small, as
will be demonstrated in the experimental study. Note that Eq. (11)
is a criterion for the product of the number of slots, n, and the sin-
gle slot width, s, and not for n or s individually. A more detailed
analysis accounting for eventual non-uniformity in the particle
bed requires input from CFD simulations.

Eq. (11) learns that in order to retain particles of given proper-
ties in a rotating fluidized bed of thickness tb and solids volume
fraction es inside a vortex chamber of diameter D, k has to be suf-
ficiently small or, in other words, the gas injection velocity for
given gas flow rate has to be sufficiently high. Eq. (11) also shows
that k has to be reduced to deal with smaller or denser particles or
to generate a denser or thicker bed. Because of shear, a smaller
diameter vortex chamber also requires a smaller k to generate a
bed of given particles, thickness and density. The experimental
study with different types of particles and vortex chambers that
is presented next allows to qualitatively confirm the theoretical
influence of the particle properties on the gas inlet slot design
requirement. The influence of separate solids outlets on the flow
pattern in the particle bed freeboard region and on the solids
retention is also experimentally studied.
3. Experimental set-up

A schematic overview of the experimental set-up is shown in
Fig. 1a. Air is fed by means of a 45 kW compressor with a capacity
of about 800 Nm3/h at 0.8 bar relative. A combination of a pressure
controller on a vent line and a mass flow controller on the air feed-
ing to the vortex chamber, both PID-controlled, is used to control
the gas flow rate to the gas distribution chamber surrounding
the vortex chamber. Different vortex chambers can be easily
installed. The gas leaves the vortex chamber via a central chimney
in one of the end walls of the chamber. Solids are fed from a hopper
by means of a dosing screw and rotary sealing valve and conveyed
to the vortex chamber by means of secondary air. Solids and a
small amount of gas leaving via the solids outlets and solids
entrained into the main gas outlet (chimney) are separated in
cyclones and the solids are recovered in bins. The accumulated
mass of solids is measured with electro-balances. To prevent that
fluctuations by the gas flow perturb the functioning of the
electro-balance connected to the chimney, the solids recovery bin
and the electro-balance are inserted in a hermetic tank below the
cyclone (Fig. 1b). This allows drastically damping the effect of
gas flow related fluctuations on the electro-balance measurements.

Experiments with different vortex chamber designs and differ-
ent types of particles are reported. The dimensions and character-
istics are summarized in Table 1. The vortex chamber length is 0.21
times its diameter, well below the maximum of 0.5 times the vor-
tex chamber diameter recommended by Kochetov et al. (1969a).
The chimney diameter is 0.42 times the vortex chamber diameter,
within the range of 0.3–0.5 times the vortex chamber diameter
reported optimal by Kochetov et al. (1969a). Based on the theoret-
ical considerations dealt with in Section 2, a vortex chamber with a
limited number of relatively large slots (24 � 3 mm) and two vor-
tex chambers with a higher number of small slots (36 � 0.5 mm
and 36 � 0.2 mm) were tested. The values of k were respectively
0.096, 0.024 and 0.0096, spanning more than the range studied
by Kochetov et al. (1969a). A limited number of experiments with
72 � 0.5 mm and 72 � 0.2 mm vortex chambers were also carried
out. Pictures of the vortex chambers focused on in this paper are
shown in Fig. 3a. The gas inlet slots were profiled to improve tan-
gential momentum transfer with the solids. Each vortex chamber
was operated without separate solids outlets or with 2 or 4 sepa-
rate solids outlets. The latter are 5 mm holes in the back end plate
of the vortex chamber at 1.5 cm from the cylindrical wall and 45�
inclined in the particle bed rotation direction (Fig. 2). The 3 types of
particles used are 2 and 1 mm HDPE (high density polyethylene,
qs = 960 kg/m3, Geldart D-type) and FCC catalyst with an average
particle diameter of 75 mm (qs = 1500 kg/m3, Geldart A-type).
Whereas the size distribution of the 2 and 1 mm HDPE particles
is relatively narrow, this is not the case with the FCC catalyst, with
a particle size between typically 20 and 150 mm (e.g. Issangya et al.,
2016). The gas flow rate was varied between 200 and 350 Nm3/h,
with a small number of experiments at a higher gas flow rate of
up to 800 Nm3/h. Depending on the type of particles used, the
solids flow rate was varied between 2 and 50 g/s, allowing to build



Fig. 1. (a) Schematic overview of the experimental set-up. (b) Solids feeder with screw and rotating sealing valve. (c) Cyclone and bin on electro-balance connected to the
solids outlets and cyclone and bin on electro-balance inside a hermetic tank connected to the main gas outlet (chimney).
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up a solids loading close to the maximum solids loading of about
1.2 kg for HDPE and 1.9 kg for FCC catalyst particles.

The gas mass flow rate, the solids flow rate and the solids losses
via the chimney and solids outlets are measured on-line together
with the temperatures, pressure drop over the particle bed and
particle bed rotation speed. Electronic temperature and pressure
probes are located in the gas distribution chamber and in the chim-
ney region near the center of the vortex chamber. To determine the
pressure drop over the particle bed, the pressure drop over the gas
inlet slots has to be subtracted from the pressure drop measure-
ment. For each vortex chamber, the pressure drop over the gas
inlet slots was measured as a function of the gas flow rate and in
the absence of a particle bed (Fig.3b). To avoid an additional pres-
sure drop from the formation of a free vortex during these mea-



Table 1
Experimental vortex chamber dimensions and characteristics.

Vortex chamber 24 � 3 mm 72 � 0.5 mm 36 � 0.5 mm 72 � 0.2 mm 36 � 0.2 mm

Diameter (m) 0.24
Length (m) 0.05
Chimney diameter (m) 0.10
Number of tangential gas inlet slots 24 72 36 72 36
Gas inlet slot size (m) 3 � 10�3 5 � 10�4 5 � 10�4 2 � 10�4 2 � 10�4

Fraction of the cylindrical surface taken by gas inlet slots, k 0.096 0.048 0.024 0.0192 0.0096
Number of separate solids outlets (end wall) 0, 2 or 4
Solids outlet(s) diameter (m) 5 � 10�3

Solids outlet inclination (�) 45� in the particle bed rotation direction

Fig. 2. (a) Vortex chamber exterior facing the front plate and showing the solids inlet at the left and the rotating antenna axis with detector in the center. (b) Vortex chamber
interior facing the front plate with centrally the axis on which the rotating antenna is mounted. (c) Vortex chamber back end plate with centrally the main gas outlet
(chimney) and 4 solids inlets, 45� inclined in the particle bed rotation direction.
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surements, one of the end plates was removed. The pressure drop
over the gas inlet slots has to be sufficiently high to guarantee a
uniform distribution of the gas over the different slots and in the
axial direction. The data show a behavior that is turbulent in most
of the gas flow rate range. The effective slot width during operation
can then be estimated from DP = K�u2

inj, with K depending on gas
properties and the slot length only, and was found to be close to
the design target.

The particle bed rotation speed is measured using two tech-
niques, with a rapid digital camera near one of the end walls and
with a rotating antenna in the axial center of the bed. Axial differ-
ences in rotation speed resulting from shear with the end walls can
as such be quantified. The rapid camera takes 500 black and white
images at a rate of up to 25,000 frames per second with a resolu-
tion of 512-by-256 pixels. The semi-rigid rotating antenna is made
of wire and mounted on an axis rotating through two low-friction
bearings and linked with a sensor positioned outside the chamber.
Two small metal weights (or flags) are fixed to the ends of the
rotating antenna, at 3 mm from the cylindrical wall of the vortex
chamber. With a sufficiently high solids loading, the rotating
antenna is completely immersed in the rotating particle bed. The
weights straighten the antenna and increase the drag with the par-
ticle bed. Secondary air is injected to keep the bearings clean dur-
ing operation.

The solids loading in the vortex chamber, ms, can at any time be
estimated by subtracting from the total amount of solids fed to the
chamber, the total amount of solids accumulated in the bins con-
nected to the solids outlets and the chimney. Considering the
bed height is small compared to the vortex chamber diameter,
the hydrostatic pressure drop can then be estimated from the mea-
sured solids loading, particle bed rotation speed and particle bed
dimensions:
DPbed;hydrostatic ¼ qbedacðRo � RiÞ ð12Þ

with:

qbed ¼
ms

Vbed
¼ ms

pðR2
o � R2

i ÞL
ð13Þ

and:

ac ¼ x2 ðRo þ RiÞ
2

¼ ð2p f Þ2 ðRo þ RiÞ
2

; ð14Þ

so that:

DPbed;hydrostatic ¼ 2p f 2ms

L
ð15Þ

A measured pressure drop over the bed smaller than the hydro-
static pressure drop indicates the bed is not or not fully radially flu-
idized (DeWilde and de Broqueville, 2010; DeWilde, 2014). In case
the rotating particle bed is radially fully fluidized, Eq. (15) can also
be used to verify the solids loading from the measured pressure
drop over the bed and particle bed rotation speed, x, i.e. assuming
that the hydrostatic pressure drop is the dominant contribution to
the measured pressure drop over the bed.

Experiments start with feeding air to the vortex chamber at the
desired flow rate until the steady state temperature is reached.
Solids are then fed at a given rate until a steady state is reached,
typically in less than 180 s. The solids feeding is then stopped
and measurements continued while the solids loading is slowly
decreasing. This allows assuming quasi-steady state operation at
any moment and acquiring data at varying solids loading, as veri-
fied by doing experiments with different solids loss rates.



Fig. 3. (a) Different vortex chamber designs. (b) Pressure drop over the gas inlet slots as a function of the gas flow rate for different vortex chambers.
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4. Experimental results and discussion

In a first section, the influence of separate solids outlets is
focused on. Next, the influence of the gas inlet slot design is stud-
ied. The influence of the operating conditions is implicitly dealt
with in these sections, but some additional aspects are discussed
in a third section.

4.1. Influence of the solids outlet design

Fig. 4 shows for 2 different vortex chambers with respectively
36 � 0.5 mm and 36 � 0.2 mm gas inlet slots and for respectively
2 mm HDPE and 75 mm FCC particles the solids loading in the vor-
tex chamber as a function of the solids flow rate obtained with a
gas flow rate of 350 m3/h and with different solids outlet designs,
i.e. with no separate solids outlets – forcing the solids to leave
via the chimney – and with 2 and 4 separate solids outlets (see
Fig. 2). With the 2 mmHDPE particles, a nearly packed and uniform
rotating fluidized bed is formed and the solids concentration in the
particle bed freeboard region is low. As the solids loading increases,
the bed height increases while the solids concentration in the free-
board region remains low. Solids losses via the chimney occur
Fig. 4. Solids loading versus solids flow rate for respectively vortex chambers with (a, c)
75 mm FCC catalyst particles using different solids outlet designs, i.e. 0, 2 and 4 separate s
and (d)). adopted from De Wilde, 2014
mainly via the end walls of the vortex chamber where the rotation
speed is lower due to friction. Away from the end walls, the cen-
trifugal force is easily large enough to retain the particles in the
chamber. Hence, with the 2 mm HDPE particles, maintaining a
strong vortex in the freeboard region is not critical and the maxi-
mum solids loading for given solids flow rate can be built up in
the absence of separate solids outlets. Adding 2 solids outlets
reduces the solids loading for given solids flow rate, especially at
lower solids flow rate where the maximum solids loading in the
chamber is not yet reached. With 4 solids outlets, solids are too
efficiently evacuated from the chamber and high solids loadings
cannot be reached in the range of solids flow rates studied. The
data show that separate solids outlets allow controlling the solids
loading in a chamber of given design for given solids flow rate and
as such the average solids residence time. Note that the variation of
the solids residence time with the solids flow rate is modest and
somewhat complex, as the solids loading in the chamber increases
also and more or less proportionally with the solids flow rate
(Fig. 6). Solids outlets with a control valve can eventually be used.

With respect to the optimal number of solids outlets, a different
picture is seen with the 75 mm FCC catalyst. With these smaller/-
lighter particles, solids losses through the chimney do not only
36 � 0.5 mm and (b, d) 36 � 0.2 mm gas inlet slots and (a, b) 2 mm HDPE and (c, d)
olids outlets (see Figs. 2c and 3a). Gas flow rate of 350 Nm3/h (36 � 0.2 mm data (b)
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proceed via the end walls and a significant presence of particles in
the freeboard region is observed, reducing the strength of the vor-
tex in this region. Fig. 4 shows that the use of 2 solids outlets
allows evacuating particles from the freeboard region and restor-
ing the vortex strength. For given solids flow rate, a higher solids
loading can hence be built up with 2 solids outlets than without
solids outlets. With 4 solids outlets, the evacuation of the particles
is again over efficient and high solids loadings cannot be built up in
the range of solids flow rates applied.

Fig. 5 shows for 3 given solids loadings of 2 mm HDPE particles
the particle bed rotation frequency measured by means of the
rotating antenna as a function of the gas flow rate for a vortex
chamber with 36 � 0.2 mm gas inlet slots equipped or not with
separate solids outlets. Both Fig. 5b and c, with a solids loading
of 0.5 and 0.8 kg respectively, confirm the positive effect of evacu-
ating solids from the freeboard region via solids outlets on the vor-
tex strength in this region and on the particle bed rotation speed.
Fig. 5a at very low solids loading (0.1 kg) provides information
on the rotation speed in the freeboard region itself, the rotating
antenna not reaching the thin bed. The rotation speed in the free-
board region is seen to be significantly higher than in the particle
Fig. 5. Rotation speed in the axial center (rotating antenna with flags) versus gas flow ra
using different solids outlet designs, i.e. 0 and 2 separate solids outlets (see Figs. 2c and
bed. Furthermore, as particles are evacuated from the freeboard
region via solids outlets, the rotation speed in this region is seen
to increase drastically. As previously shown (Fig. 4), this has a pos-
itive effect on the retention of small/light particles, such as FCC
catalyst.

Separate solids outlets in the end walls are seen to have two
opposing effects on solids retention. On the one hand, they facili-
tate evacuation of the particles. On the other hand, they allow
enforcing the strength of the vortex in the particle bed freeboard
region by evacuating particles from this region. This reduces solids
losses via the chimney. Depending on what type of particles is
used, one effect is more important than the other to maximize
solids retention. For separate control of the gas and solids resi-
dence time, one or more separate solids outlet(s) are of course
essential.

4.2. Influence of the gas inlet slot design

Fig. 6 shows for 2 different gas flow rates and for respectively
2 mmHDPE, 1mmHDPE and 75 mm FCC particles the solids loading
in the vortex chamber as a function of the solids flow rate obtained
te for a vortex chambers with 36 � 0.2 mm gas inlet slots and 2 mm HDPE particles
3a), and for a solids loading of (a) 0.1 kg, (b) 0.5 kg and (c) 0.8 kg.



Fig. 6. Solids loading versus solids flow rate with (a, b) 2 mmHDPE, (c, d) 1 mmHDPE and (e, f) 75 mm FCC catalyst particles and a gas flow rate of (a, c, e) 250 Nm3/h and (b, d,
f) 350 Nm3/h using different vortex chamber designs, i.e. with 24 � 3 mm, 36 � 0.5 mm and 36 � 0.2 mm gas inlet slots, with 2 separate solids outlets (see Fig. 2c and 3a).
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with 24 � 3 mm, 36 � 0.5 mm and 36 � 0.2 mm gas inlet slots.
Data with 2 separate solids outlets are shown. The solids loading
increases typically less than proportionally with the solids flow
rate. In the range of operating conditions studied, reaching the
maximum solids loading was possible at higher solids flow rate,
provided that the vortex chamber was properly designed for the
type of particles used.

Fig. 6 shows that the 2 mm HDPE pellets are most efficiently
retained in the 24 � 3 mm chamber, despite the large k = (ns)/
(pD) of 0.096. It demonstrates gas inlet slots sufficiently large com-
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pared to the particles are required. A strong gas inlet jet that
impacts on part of a particle that is much larger than the jet, such
as with the 2 mm particles in the vortex chamber with 0.5 and
0.2 mm slots, generates rotational motion of the particle around
its own center of gravity. This reduces the efficiency of tangential
momentum transfer between the gas and the bed, ft,eff in Eq. (11).
The effect is particularly pronounced at lower solids flow rate/-
solids loading where less interactions between particles occur. This
explains the poor retention of 1 and 2 mm HDPE particles in the
36 � 0.5 mm and 36 � 0.2 mm chambers with pronounced solids
losses via the chimney.

With the 75 mm FCC catalyst, solids retention is much more effi-
cient with the 36 � 0.5 mm and 36 � 0.2 mm chambers than with
the 24 � 3 mm chamber, as theoretically expected from their lower
k. With the 24 � 3 mm chamber, the generated centrifugal force is
insufficient to build up a dense bed of FCC catalyst particles. With
the 36 � 0.5 mm and 36 � 0.2 mm chambers, a dense and rela-
tively uniform bed can be built up, although solids losses via the
chimney are not completely eliminated. The latter is probably
due to the presence of fines that are preferentially lost via the
chimney (Weber et al., 2017). Remarkably, the 36 � 0.5 mm cham-
ber retains the 75 mm FCC catalyst particles better than the
36 � 0.2 mm chamber at low solids flow rate. This either indicates
a difficulty for the particles to penetrate the strong gas inlet jets
generated by the 36 � 0.2 mm chamber or that the momentum
transfer between the gas and the particles takes place at a certain
distance from a gas inlet slot only. Both lead to a lower value of ft,eff
(Eq. (11)). Another explanation is that the particle bed initially
builds up in the vicinity of one or both of the end walls where also
most of the solids losses via the chimney originate. The near-end
wall boundary layer flows are indeed the most pronounced with
the 36 � 0.2 mm chamber, especially at low solids loading. At
higher solids flow rate/loading, either of these phenomena will
Fig. 7. Rotating fluidized bed of different types of particles in vortex chambers with a dif
75 mm FCC catalyst with a solids flow rate of 8.35 g/s. (c, d) 36 � 0.5 mm gas inlet slots wit
rate of 700 Nm3/h.
be dampened and the 36 � 0.2 mm chamber is seen to become
slightly more efficient in retaining the 75 mm FCC catalyst particles
than the 36 � 0.5 mm chamber.

Fig. 7 shows camera pictures of the rotating fluidized bed of (a)
1 mm HDPE and (b) 75 mm FCC catalyst obtained in the 24 � 3 mm
vortex chamber at equal solids flow rate, showing the dense and
uniform bed obtained with the former and the absence of a bed
with the latter. Fig. 7c and d show the bed of 75 mm FCC catalyst
obtained with the 36 � 0.5 mm chamber at two different solids
flow rates. Note that the pictures in Fig. 7 were taken at a gas flow
rate of 700 Nm3/h, showing that a bed can be maintained at much
higher gas flow rate than quantitatively studied in this work. This
can be of interest for applications requiring an extremely low gas
phase residence time or high gas throughput. Fig. 8 shows rapid
camera snapshots of the bed near one of the end walls with FCC
catalyst fed at equal flow rate to a 72 � 0.5 mm and 36 � 0.5 mm
vortex chamber and illustrates how an increased centrifugal
force-to-radial gas-solid drag force ratio increases the solids load-
ing and bed density and improves the bed uniformity.

Axial uniformity was evaluated comparing measurements of
the particle bed rotation speed with the rapid camera and the
rotating antenna. Differences in rotation speed are much more pro-
nounced with the 75 mm FCC catalyst than with the 1 and 2 mm
HDPE particles. Relatively good axial uniformity with mm-sized
particles was already observed by Volchkov et al. (1993). Differ-
ences in rotation speed as a function of the gas flow rate measured
with FCC catalyst fed at 8.35 g/s are shown in Fig. 9, both using the
72 � 0.5 mm and 36 � 0.5 mm vortex chamber. The use of the
smaller k 36 � 0.5 mm vortex chamber slightly improves the axial
uniformity, due to the increased pressure drop over the gas inlet
slots (Fig. 3b) and the higher solids loading retained in the chamber
for the given solids flow rate (Figs. 7 and 8). The significantly lower
rotation speed in the near-end wall regions explains most of the
ferent gas inlet slot design. (a, b) 24 � 3 mm gas inlet slots with (a) 1 mm HDPE, (b)
h 75 mm FCC catalyst with a solids flow rate of (c) 8.35 g/s and (d) 20.08 g/s. Gas flow



Fig. 8. Rapid camera (1 kHz) snapshots of a rotating fluidized bed of 75 mm FCC catalyst particles in a vortex chamber with (a) 72 � 0.5 mm and (b) 36 � 0.5 mm gas inlet
slots at a given gas flow rate of 600 Nm3/h and solids flow rate of 13.5 g/s.

Fig. 9. Rotation speed in the axial center (rotating antenna with flags) and in the
near-end wall region (rapid camera) as a function of the gas flow rate when feeding
FCC catalyst particles at 8.35 g/s in vortex chambers with 72 � 0.5 mm and
36 � 0.5 mm gas inlet slots. (.) Adapted from De Wilde, 2014

84 W.R. Trujillo, J. De Wilde / Chemical Engineering Science 173 (2017) 74–90
solids losses to the chimney. The strong axial non-uniformity
observed in the 72 � 0.5 mm chamber at the higher gas flow rate
of 600 Nm3/h indicates pronounced channeling (De Wilde and de
Broqueville, 2007; 2008a,b) with most of the particles rotating in
the near-end wall region(s) and only a minor fraction of the parti-
cles rotating in the axial center. Under given conditions, a similar
observation was made with other chambers. Operation at higher
solids loading can significantly reduce/eliminate channeling (De
Wilde and de Broqueville, 2008a,b).
The particle bed rotation speed in the axial center of the vortex
chamber is further studied in Figs. 10 and 11 that show respec-
tively the bed rotation frequency (1/s) and the static and hydro-
static pressure drop over the bed (kPa) as a function of the solids
flow rate and this for different vortex chambers and for (a, b)
2 mm HDPE, (c, d) 1 mm HDPE and (e, f) 75 lm FCC catalyst at
gas flow rates of (a, c, e) 250 Nm3/h and (b, d, f) 350 Nm3/h. The
rotating antenna could not be installed in the 24�3 mm chamber.
The hydrostatic pressure drop over the bed was derived from the
measured solids loading and particle bed rotation speed, see Eqs.
(12)–(15). As the solids loading in the chamber increases with
increasing solids flow rate (Fig. 6), the bed rotation speed is seen
to decrease (Fig. 10). With the 36 � 0.5 mm and 36 � 0.2 mm
chambers, the bed rotation speed for given gas and solids flow
rates is seen to be lower with the 2 and 1 mm HDPE particles than
with the 75 lm FCC catalyst, despite the higher solids loading with
the latter (Fig. 6). Furthermore, with the large particles, the rota-
tion speed obtained with the 36 � 0.2 mm chamber is lower than
with the 36 � 0.5 mm chamber, despite the higher gas injection
velocity with the former. Both observations confirm inefficient
transfer of tangential momentum between the injected gas and
the bed when using gas inlet slots much smaller than the particles,
especially at low solids loading. The decrease of the bed rotation
speed with increasing solids flow rate is indeed much less pro-
nounced with the 2 mm and 1 mm HDPE particles (Fig. 10a–d)
than with the 75 lm FCC catalyst (Fig. 10e and f), with both the
36 � 0.2 mm and 36 � 0.5 mm vortex chambers. As the solids load-
ing increases with increasing solids flow rate, particles are more
densely packed and can less freely rotate around their own center
of gravity due to friction with other particles. This increases the



Fig. 10. Rotation speed in the axial center (rotating antenna with flags) versus solids flow rate with (a, b) 2 mm HDPE, (c, d) 1 mm HDPE and (e, f) 75 mm FCC catalyst particles
and a gas flow rate of (a, c, e) 250 Nm3/h and (b, d, f) 350 Nm3/h using different vortex chamber designs, i.e. with 36 � 0.5 mm and 36 � 0.2 mm gas inlet slots, with 2 separate
solids outlets (see Figs. 2c and 3a).
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efficiency of tangential momentum transfer between the injected
gas and the bed with the 2 mm and 1 mm HDPE particles. The
bed rotation speed being lower with the 36 � 0.2 mm than with
the 36 � 0.5 mm vortex chamber, also with the 75 lm FCC catalyst
(Fig. 10e and f), confirms that particles cannot penetrate the imme-
diate vicinity of too strong gas inlet slots. A certain expansion and
deceleration of the injected gas then takes place before actual con-
tact and momentum transfer between gas and particles. The high
rotation speed of the antenna in the 36 � 0.2 mm vortex chamber
at lower solids flow rate (Fig. 10) is partially due to increased axial



Fig. 11. Particle bed pressure drop versus solids flow rate with (a, b) 2 mm HDPE, (c, d) 1 mm HDPE and (e, f) 75 mm FCC catalyst particles and a gas flow rate of (a, c, e)
250 Nm3/h and (b, d, f) 350 Nm3/h using different vortex chamber designs, i.e. with 24 � 3 mm, 36 � 0.5 mm and 36 � 0.2 mm gas inlet slots, with 2 separate solids outlets
(see Figs. 2c and 3a).
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non-uniformity, with a relatively low fraction of the particles
residing in the axial center region of the chamber.

The static and hydrostatic pressure drop over the bed shown in
Fig. 11 are affected by both the particle bed rotation speed and the
solids loading. Whereas the former decreases with increasing
solids flow rate (Fig. 10), the latter increases (Fig. 6), so that the
variation of both the static and hydrostatic pressure drop with
varying solids flow rate is small. A maximum hydrostatic pressure
drop indicates an optimum combination of solids loading and par-
ticle bed rotation speed and related centrifugal force. The differ-
ence between the static and hydrostatic pressure drop is the
result of friction and, to a certain extent, the vortex in the
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freeboard region. A strong central free vortex was, however, found
to improve the bed stability and particle retention and to increase
the particle bed rotation speed, so that it also increases the hydro-
static pressure drop. When the bed is radially completely fluidized,
the static pressure drop is expected to be larger than the hydro-
static pressure drop. From the friction and chamber efficiency
point of view, the difference between the two should be minimal.
When using the 36 � 0.5 mm and 36 � 0.2 mm vortex chamber,
the difference between the static and hydrostatic pressure drop
is seen to be the most pronounced with the 2 mm HDPE particles
(Fig. 11a and b), somewhat less pronounced with the 1 mm HDPE
particles (Fig. 11c and d) and much less pronounced with the
75 mm FCC catalyst (Fig. 11e and f), except at high solids flow
rate/solids loading where friction in the rotating bed of FCC cata-
lyst becomes more important, despite the decreasing bed rotation
speed (Fig. 10e and f). It is a clear indicator of the efficiency of the
given vortex chambers for generating a rotating bed of certain
mass of the different particles. Fig. 11 also shows that the differ-
ence between the static and hydrostatic pressure drop is slightly
more pronounced at higher gas flow rate (350 Nm3/h,
Fig. 11b, d and f compared to 250 Nm3/h, Fig. 11a, c and e),
explained by the increased strength of the gas inlet jets and fric-
tion. Note that the increased friction at higher solids loading of
FCC catalyst may indicate self-rotational motion is also important
with small particles. The role of the lift force requires further inves-
tigation. Derksen and Larsen (2011) used Lattice-Boltzmann simu-
lations to study drag and lift forces on random, near-wall, mono-,
double- and triple layer assemblies of spherical particles in low-
Reynolds number shear flow.

With the FCC catalyst, the hydrostatic pressure drop exceeds
under certain conditions the measured pressure drop over the
bed. As explained in De Wilde and de Broqueville (2008a) and De
Wilde (2014), this indicates that the bed is compact and radially
not or not fully fluidized. The rotating particle bed is then partially
supported by the cylindrical wall of the vortex chamber, and not
only by the gas. The pressure drop measurements confirm that
the 36 � 0.2 mm and the 36 � 0.5 mm vortex chambers are able
to generate a dense rotating fluidized bed of FCC catalyst and guar-
antee a sufficiently high centrifugal force in the axial center region
of the vortex chamber. In the near end-wall regions, however,
losses to the chimney of especially the finer fraction of FCC catalyst
can still occur due to the lower particle bed rotation speed (Fig. 9).
Fig. 11 shows that with the 2 mm HDPE particles and to less extent
with the 1 mm HDPE particles, the pressure drop over the bed is
the highest with the 24 � 3 mm vortex chamber, followed by the
36 � 0.5 mm and 36 � 0.2 mm chambers. This confirms the higher
solids loading (Fig. 6) for given gas and solids flow rates when
using the 24 � 3 mm chamber, but also indicates a higher particle
bed rotation speed with this chamber due to more efficient
momentum transfer between the injected gas and the particle
bed. Finally, in the range of gas flow rates shown, the influence
of the gas flow rate on the pressure drop over the bed is relatively
small in most cases, typical for fully fluidized beds. An increase of
the pressure drop with the gas flow rate can be attributed to an
increase of the friction with the walls and the strength of the cen-
tral vortex. The influence of the main operating conditions is dis-
cussed in more detail hereafter.

The observed influence of the particle properties on the
required gas inlet slot design is in agreement with De Wilde and
de Broqueville (2007), who observed a dense and uniform rotating
fluidized bed in a 36 cm diameter vortex chamber with 12 � 4 mm
gas inlet slots (k = 0.0424) when feeding 2–5 mm HDPE particles,
but a less dense and less uniform bed when feeding 300–400 mm
alumina. The observations are also in line with Ekatpure et al.
(2011) who found that with 70 mm FCC catalyst, no stable bed
could be obtained in a 0.54 m diameter vortex chamber with
36 � 6 mm gas inlet slots (k = 0.127), whereas a stable bed was
observed with an equal number of 2 mm gas inlet slots
(k = 0.042). With larger 0.9, 1.6 and 2.4 mmHDPE particles, a stable
bed could also be obtained in the 36 � 6 mm chamber. Anderson
et al. (1972) used a vortex chamber with 12 � 0.3 mm gas inlet
slots with k as small as 0.0038 to fluidize 20 mm talc, 12 mm tung-
sten and 10 mm zinc particles in a 30.5 cm diameter vortex cham-
ber and reported limited bubbling. No detailed explanations were
given on the design choice. Finally, Eliaers et al. (2014) used
72 � 0.2 mm gas inlet slots in a 24 cm diameter vortex chamber
(k = 0.0191) for the fluidization and low-temperature wet coating
of cohesive 70 mm, 260 kg/m3 Hiprotal whey protein alfa particles.
In this case, a centrally installed spray nozzle oriented towards the
rotating fluidized bed contributed to minimizing losses of lighter
uncoated particles via the chimney, especially the finer fraction.
The experimental observations reported in the literature and in
this paper qualitatively confirm the theoretical criterion for k, Eq.
(11), but also show a more detailed analysis of the gas inlet slot
design may be required, i.e. to address the required number of slots
n and single slot width s individually and to account for non-
uniformities in the bed and the related value of ft,eff in Eq. (11),
e.g. preventing a further reduction of s.

4.3. Influence of the main operating conditions

Fig. 12 illustrates the influence of the gas flow rate on the par-
ticle bed rotation frequency (Fig. 12a, c, e) and on the measured
pressure drop over the bed (Fig. 12b, d, f), and this for the different
particle types and solids loadings of respectively 0.5 kg
(Fig. 12a, b), 0.8 kg (Fig. 12c, d) and 1.0 kg (Fig. 12e, f) and using
a 36 � 0.2 mm vortex chamber. Both the bed rotation speed and
pressure drop increase less than proportionally with the gas flow
rate. The former is explained by increasing shear with the walls
with increasing gas flow rate. The effect is more pronounced at
lower gas flow rate with FCC catalyst, the bed rotation speed being
significantly higher with these particles in the 36 � 0.2 mm vortex
chamber (Fig. 10). As explained in the previous section, in the
range of gas flow rates shown in Fig. 12, gas injected at high veloc-
ity through the 36 � 0.2 mm gas inlet slots was seen to pierce par-
tially through the 75 mm FCC catalyst particle bed with actual gas-
solid momentum transfer taking place at a certain distance from a
gas inlet slot. This explains that the particle bed rotation speed
does not increase with increasing gas flow rate with FCC catalyst.
Figs. 5 and 6 already showed that the influence of the gas flow rate
on the solids loading obtained with given solids flow rate is not
very pronounced when operating at (i) sufficiently high gas flow
rate to guarantee high-G operation and (ii) sufficiently high solids
flow rate or solids loading to ensure a uniform distribution of the
gas and particles in the chamber. This is in line with earlier obser-
vations by De Wilde and de Broqueville (2008a,b). Fig. 6 showed
that the net effect of the gas flow rate on the solids loading for
given solids flow rate can be positive or negative, depending on a
stronger or weaker effect of the gas flow rate on the radial gas-
solid drag force or the centrifugal force. Local phenomena such
as shear near the end walls play a crucial role, so that details of
the design can have a significant impact on the net effect of the
gas flow rate. With FCC catalyst in the 36 � 0.2 mm chamber and
in the given range of operating conditions, the solids loading for
given solids flow rate decreases slightly with increasing gas flow
rate (Fig. 6). This is due to the bed rotation speed hardly increasing
with increasing gas flow rate (Fig. 12a, c, e). Increasing solids losses
to the chimney can in particular be expected near the end walls
where the particle bed rotation speed is lower (Fig. 9). Fig. 12
shows a clear correlation between the influence of the gas flow rate
on the bed rotation speed and the measured pressure drop over the
bed. As shown in Fig. 6, the solids loading was not much affected



Fig. 12. (a, c, e) Rotation speed in the axial center (rotating antenna with flags) and (b, d, f) pressure drop over the bed versus the gas flow rate with a solids loading of (a, b)
0.5 kg, (c, d) 0.8 kg and (e, f) 1.0 kg of 2 mm HDPE, 1 mm HDPE and 75 mm FCC catalyst using a vortex chamber with 36 � 0.2 mm gas inlet slots, with 2 separate solids outlets
(see Fig. 2c and 3a).
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by the gas flow rate under the given conditions. A higher bed rota-
tion speed at higher gas flow rate will then indeed result in a
higher static pressure drop across the bed, with contributions from
the hydrostatic pressure drop, increasing friction with the walls
and increasing central vortex strength. The relatively small effect
of the gas flow rate on the pressure drop is typical for fully flu-
idized beds. Note that Fig. 12 clearly illustrates that when using
the 36 � 0.2 mm chamber, the transfer of tangential momentum
between the injected gas and the particle bed is more efficiently
with the 75 mm FCC catalyst than with the 1 and 2 mm HDPE par-



Fig. 13. Rotation speed in the axial center (rotating antenna with flags) versus the solids loading with a gas flow rate of (a) 250 Nm3/h and (b) 350 Nm3/h with 2 mm HDPE,
1 mm HDPE and 75 mm FCC catalyst using a vortex chamber with 36 � 0.2 mm gas inlet slots, with 2 separate solids outlets (see Fig. 2c and 3a).
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ticles. Especially at low gas flow rate and low solids loading
(Fig. 12a, b), the difference in bed rotation speed for given solids
loading is pronounced, as discussed earlier.

Fig. 13 shows the influence of the solids loading in the
36 � 0.2 mm vortex chamber on the bed rotation speed in the axial
center for as well the 75 mm FCC catalyst and the 1 and 2 mmHDPE
particles at a gas flow rate of (a) 250 and (b) 350 Nm3/h. A similar
influence is seen at the two gas flow rates. The particle bed rotation
speed logically decreases with increasing solids loading. In the
range of operating conditions studied, the decrease is the most pro-
nounced with the 75 mm FCC catalyst and the least pronounced
with the 2 mm HDPE particles. This is on the one hand due to
the higher particle bed rotation speed with the FCC catalyst and
on the other hand due to the improving gas-solid momentum
transfer efficiency with increasing solids loading, in particular with
the 2 mm HDPE particles in the 36 � 0.2 mm vortex chamber.
5. Conclusions

The influence of the solids outlet(s) and the gas inlet design on
the generation of a gas-solid rotating fluidized bed in a vortex
chamber was experimentally studied for different types of parti-
cles. The generation of a dense and uniform bed and independent
control the gas and solids residence times requires efficient solids
retention with minimal solids losses via the chimney. The optimal
vortex chamber design depends on the type of particles to be flu-
idized and must ensure the generation of a sufficiently strong cen-
trifugal force. Evacuation of solids from the particle bed freeboard
region via well-designed separate solids outlets in one of the end
walls helps maintaining a strong vortex in this region. This is seen
to drastically improve the solids retention capacity of the vortex
chamber, in particular with fine/light particles that are easily
entrained into the freeboard region. Injecting the gas at higher
velocity by reducing the gas inlet surface area theoretically allows
increasing the centrifugal force for given gas flow rate. This is con-
firmed by the experiments, but limitations are encountered. Too
high gas injection velocities may prevent penetration of particu-
larly fine/light particles in the gas inlet jets so that the transfer of
tangential momentum between the gas and the particle bed takes
place at a certain distance from the gas inlet slots after expansion
of the gas. The experiments further show that the use of gas inlet
slots smaller than the particles also results in poor transfer of tan-
gential momentum between the gas and the particle bed as the
impact of a narrow gas inlet jet on only a portion of a (larger) par-
ticle generates rotational motion of the latter around its own cen-
ter of gravity. When the centrifugal force has to be increased and
the slot size cannot be reduced, reducing the number of slots can
be considered, although potentially detrimental for the bed
uniformity.
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