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Rotating fluidized beds provide a unique opportunity to exploitfluidization under higher particle forces. The cen-
tripetal force in a rotating fluid bed is typically on the order of 10 times the force of gravity. Since the force keep-
ing the particles in the unit is larger, the drag force can also be larger, allowing for higher gas and slip velocities.
This operating regime provides intensified gas-solids contact through higher mass transfer, heat transfer, gas
throughput, and bubble suppression.
One application for using a rotating fluidized bed is in Chemical Looping Combustion (CLC). When solid fuels are
used, oxygen carrier and ash are mixed in the process. In order to maintain high carbon capture efficiencies and
recyclability of the oxygen carrier, the ash needs to be separated from the oxygen carrier. This separation can be
done aerodynamically since the oxygen carrier is larger and heavier than the ash. It is theorized that rotating flu-
idized beds could improve both the gas-solid and solid-solid separation process efficiency and throughput as
compared to conventional fluidized beds.
A 43 cm diameter, 2.5 cm long vortex chamber has been designed and constructed to investigate the application
to particle separation. A series of experiments have been performed to investigate the separation of different bi-
nary mixtures of solids. These experiments demonstrate the use of a rotating fluidized bed for high-G intensified
particle separation that can be combined with high-G intensified gas-solids contact and gas-solids separation.
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1. Introduction

In an effort to stabilize the global temperature increase to under 2 °C,
the 2015 United Nations Climate Change Conference promoted an
agreement to reduce carbon emissions from energy consumption. The
U.S., which is the second largest consumer of energy at 15.5% of global
energy demand, agreed to reduce carbon emissions by 27% by 2025
and cut power plant CO2 pollution by 32% by 2030 based on 2005 levels
[1]. In order to reduce carbon emissions while maintaining current en-
ergy capacity, efficient carbon capture systems need to be developed
and deployed to reduce our carbon footprint whilemaintaining existing
energy infrastructure.

When considering the electrical power sector, coal based power
plants represent 40% of the electricity produced in the U.S. today [2].
The U.S. Department of Energy has set internal goals for carbon capture
systems with 90% capture and less than a 35% increase in cost [3]. From
the four main categories of CO2 detailed by the DOE Advanced Carbon
organtown,WV 26507, United

eault).
Dioxide Capture Program, chemical looping combustion (CLC) has
been identified as having the lowest cost potential for simultaneous en-
ergy production and CO2 separation [4].

1.1. Chemical looping combustion

In chemical looping combustion, the oxygen needed for reaction
with a fuel source is supplied by an oxygen carrier that regenerates
within the system. This allows for the combustion products to be con-
trolled so as to consist primarily of CO2 and steam where steam can be
removed by condensation leaving a pure stream of CO2. Metal oxides
represent the oxygen carrier in most CLC systems where the oxide is
chemically reduced by the fuel source and then re-oxidized
under a stream of air exothermically to release energy in the form of
heat [5,6]. There are a number of different CLC reaction processes that
utilize a range of fuels, this study focusing on the combustion of coal
[7,8]. The reaction steps below represent the global reaction involving
coal, a metal oxide, and steam.

Cþ H2O↔COþH2 ð1Þ

MeOx þ δCOþ δH2→MeOx−2δ þ δCO2 þ δH2O ð2Þ
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Fig. 2. Vortex chamber depiction for rotating fluid bed generation.
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MeOx−2δ þ δO2→MeOx ð3Þ

The coal consists of solid carbon and hydrogen which is completely
gasified by the supplied steam to produce a syngas of CO and H2. The
syngas reacts with the metal oxide present in the system to form a re-
duced metal oxide, CO2, and steam. Effectively separating the CO2 and
steam from the reduced oxide then occurs by removing the gaseous
species from the system. The reduced oxide then reacts with a supplied
streamof air to return to its oxidized state as unconsumed air leaves the
system. Fig. 1 illustrates this process and gives insight into the system
layout.

Reaction 1 represents full conversion of carbon into CO, but in reality
therewill be partially converted carbon that remainswith the produced
syngas. This solid species will be present in low quantities with the ox-
ygen carrier after the reduction step and will need to be separated prior
to the carrier experiencing oxidation conditions. The rotating fluidized
bed technology introduced in this report is intended to address the
issue of solids separation of ash from the oxygen carrier.

1.2. Rotating fluidized bed

Rotating fluidized beds present a unique application to overcome
performance limitations commonly associated with conventional fluid-
ized bed technology. Rotating fluidized beds operate under high-G con-
ditions which allow for gas-solid slip velocities to exceed the terminal
velocity of a particle while maintaining a uniformly dense particle bed
[9]. The particles remain entrained within the bed due to a centrifugal
force that radially forces the particles outward. The process gas is fed
tangentially through multiple slots positioned around the outer cylin-
drical wall as seen in Fig. 2. The gas is then deflected inward as it
comes into contact with particles and leaves through a center outlet or
chimney. Due to the gas traveling radially inward, drag forces on the
particles are present counteracting the centrifugal forces. Careful design
and implementation is neededwhen addressing these competing forces
to ensure entrainment is maintained and particles do not exit out the
chimney. The centrifugal forces and gas-solid drag forces are both de-
pendent upon gas velocities and particle properties, so the design of
the inlet slots around the outer ring becomes a critical parameter. It
has been previously studied that tangential momentum for a given gas
flow rate increases as gas inlet slots are decreased in size or number
[10]. However a minimum number of slots are required in order to en-
sure bed uniformity and the slot size cannot be smaller than the particle
diameter. Likewise, experimental results showed that as particle size or
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Fig. 1. Layout of a chemical looping reactor system implemented for ash separation.
density is decreased, slot size needed to be decreased in order to guar-
antee solids retention.

What previous studies with rotating beds have shown is the poten-
tial of this technology to impact a number of different applications such
as biomass drying, gas adsorption processes, and solid-solid separation
[11]. Due to the driving forces, particle size and density impact how
the bed is developed within the rotating bed. The centrifugal forces on
a denser species are greater allowing for a bed of mixed particles to sep-
aratewithin the rotating bed. Similarly, drag forces are greater for larger
particles resulting in separation between different size particles. Due to
high-G operation, ash is expected to separate effectively from anoxygen
carrier like a metal oxide in a rotating fluidized bed and can then be ex-
tracted to allow for near complete separation of the two species.

2. Experimental apparatus

The rotating fluidized bed vortex chamber consists of a 43 cm diam-
eter, 2.5 cm longvortex chamberwhichwas3Dprinted out of nylon, Fig.
3. The air distributor has 38, 381 μm wide slots equally spaced and an-
gled at 16° relative to the tangent at the slot location.

The distributor is bounded by a 1.27 cm thick clear acrylic top plate
and a steel bottom plate. The chamber stack is positioned by steel sup-
ports and can be suspended in a vertical or horizontal position. Fig. 4 de-
tails the vortex chamber design. Air enters at four locations through the
bottom plate and passes across the distributor ring into themain vortex
region. The air exits the chamber through a 10.2 cm diameter chimney,
also positioned on the bottom plate. A solids diverter plate, suspended
3mmfrom the bottomplate, 40.6 cm in diameter, is used to prevent sig-
nificant gas from exiting the solids outlet pipe.

The chimney-to-vortex chamber diameter ratio (Dc/Dvc where Dc is
the diameter of the chimney andDvc is the diameter of the vortex cham-
ber) is 0.24, the vortex chamber length-to-diameter ratio (L/Dvcwhere L
Fig. 3. 3-D printed vortex chamber.
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is the length, or thickness of the vortex chamber) is 0.06. Optimal ranges
0.3 b Dc/Dvc b 0.5 and L/Dvc b 0.5 were reported by Kochetov et al., but
based on experiments with relatively large particles only [11]. The frac-
tion of the chamber circumference taken by the gas inlet slots, λ, is
0.011, well below the upper limit reported by Kochetov et al. [11].
This λ is one of the design parameters that allows adjusting of the cen-
trifugal force-to-radial gas-solid drag force ratio that will be experi-
enced by the particles, effecting the bed density, uniformity and
eventual solids losses via the chimney. For optimal bed uniformity, a
high number of gas inlet slots is needed, but with fine particles λ must
be sufficiently small [12]. To reduce λ, the slot size is preferentially de-
creased, but slot sizes significantly smaller than the particle diameter
are not recommended as this leads to inefficient gas-solid momentum
transfer in the vicinity of the gas inlet slots. In the present study, the
slot size was 381 μm, about half the diameter of the larger particles
used and about the size of the smaller particles. To achieve uniform op-
eration 38 slots were used.

To keep the particle bed of given mass rotating at a given speed and
compensate for shearwith thewall, an estimate of the required gasflow
rate can bemade by knowing the amount of time the bed keeps rotating
after abruptly stopping the gas supply. Considering, for example, a
3.5 cm thick bed (tb) of HDPE with a solids volume fraction (εs) of 0.5
in the vortex chamber as described above, containing about 1 kg of par-
ticles and rotating at a tangential velocity (vg ,t) of 5 m/s, a typical value
found in the literature [12]. If the bed keeps rotating for 1 swhen the gas
flow is stopped, the gas must supply tangential momentum (Δpt) at a
rate of 5 kg·m/s2 to keep the bed rotating at the given speed. The re-
quired gas flow rate (Qin) can then be calculated by:

Δpt ¼ Qinρgvg;t ð4Þ

With the gas inlet velocity (vg ,in) given by:

vg;in ¼ Qin

nsH
ð5Þ

Where n is the number of slots, s is thewidth of the slots, andH is the
thickness of the vortex chamber. A gas flow rate requirement (Qin) of
140 m3/h is found, corresponding to a gas injection velocity (vg , in) of
107 m/s. A lower gas flow rate could not keep rotating the given bed
at 5 m/s. Note that the gas phase residence time in the bed (τres ,g) can
be calculated by:

τres;g ¼ tb
vg;r

ð6Þ

Where vg ,r is the gas velocity in the radial direction, which in the ex-
ample is 0.015 s.
The acrylic top plate allows for visual inspection of the system in op-
eration aswell as imaging analysis. Inlet ports are positioned at different
radial positions through the acrylic plate to allow for controlled solids
feeding into the bed. The six solids feed ports are aligned tangentially
(with the bed rotation) with a 45° angle downward, positioned at the
following radii; 7.5, 9.9, 12.5, 15, 17.5, and 20 cm. For the tests described
here, the solids were fed at a radius of 9.9 cm. Solids can be drained
through the bottom plate by exit ports at the same angular position as
the feed ports. The drain ports are located at the following radii; 10.2,
15.2, and 20.3 cm. For the tests described here, the solids were drained
at a radius of 20.3 cm. Pressure tap locations are also positioned at dif-
ferent radial positions along the acrylic plate to accommodate pressure
transducers for pressure drop readings. The solids inlet and exit ports
are 1.27 cm in diameter with the pressure taps being 0.64 cm diameter.

The complete system layout is depicted in Fig. 5 and illustrates the
desired operation of the rotating bed. Downstream of the chimney
and solids outlets are collection filters. Upstream, air flow is controlled
by a mass flow controller and is limited to 103 kPa . Solids are fed
using a KTron screw feeder that controls the solids feed rate. The solids
are driven into the inlet of the vortex chamber by air passing through an
eductor. The solids outlet is controlled with a ball valve.

3. Material properties

Threematerials were used in these experiments including phospho-
rescent high density polyethylene (HDPE), glass beads (GB), and cork.
Particle sauter mean diameters (dSMD), mean diameters (d50), and
sphericity were measured using a Sympatec QICPIC. Particle diameters
ranged from 329 to 871 μm. Particle sphericities ranged from 0.8 to
0.92. The particle densities were measured using a helium Pycnometer
and ranged from 0.19 to 2.51 g/cm3. Minimum fluidization velocity,
Umf, was measured experimentally in a 6.35 cm diameter fluidized
bed and ranged from 9.37 to 17.4 cm/s. The average single particle
mass was calculated by:

mp ¼ 4
3
πr3pρp ð7Þ

Where rp is the radius of the particle (d502 ) and ρp is the particle den-
sity. The single particlemass varied from0.047 to 0.298mg. These prop-
erties are detailed in Table 1.

When considering the forces that will drive separation in a devel-
oped bed within the vortex chamber, centrifugal forces and drag forces
act in opposite directions to one another in the radial direction. For a bed
of two species with different particle density, the heavier species will
experience higher centrifugal forces. This will promote the location of
the heavier species to be at a radial position further from the center of
the vortex chamber than that of a lighter species. Table 1 shows that
HDPE to be 5 to 6 times larger in mass than that of both glass and
cork. As the heavier particle, HDPE should separate from either species



Table 1
Particle properties.

Material Density dSMD d50 Sphericity Umf Particle
mass

g/cm3 μm μm cm/s mg

High density polyethylene 0.86 871 885 0.92 17.4 0.312
Glass beads 2.51 329 333 0.92 9.47 0.049
Cork 0.19 797 835 0.8 9.37 0.058
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within a developed bed toward the exterior of the chamber. Drag forces
will drive particles of larger diameter toward the center of the chamber
allowing for a secondary dependence on separation. Referring to Table
1, the glass beads have the smallest particle diameter, limiting the effect
of drag on the glass particles when compared to the larger HDPE and
cork particles which have similar particle sizes.

HDPE will be used to represent the carrier during operation of the
vortex chamber with cork representing the properties of ash. Due to
the larger centrifugal forces on HDPE and similar drag forces present
on both species, it is assumed separation will occur with HDPE particles
entrainedwithin the developed bed toward the exterior of the chamber
and cork particles located closer to the center. It is possible for the cork
particles to elutriate out of the chamber through the chimney due to the
large drag forces present.

Glass beads will be supplied with HDPE in separate runs in the ab-
sence of cork as a secondary means of investigation. Due to the low
drag and centrifugal forces on the glass beads it is unclear if separation
will occur since HDPE will experience larger forces in both directions in
comparison.
4. Results and discussion

4.1. Fluidization behavior with HDPE particles

While feeding HDPE into an initially empty vortex chamber, a slug-
ging phenomenon was observed at low solids inventories. A significant
amount of the inventory grouped together into a mass of solids on one
side of the chamber, which continued to rotate around as seen in Fig. 6.
The imbalance in the inventory caused by the slug induced significant
vibrations in the apparatus.

By analyzing the video, a slugging frequency can be extracted by
looking at the average intensity of pixels located near the wall of the
vortex chamber. A video was recorded at a resolution of
1920 × 1080 pixel at a frame rate of 29.88 frames/s for a total video
length of 20 s. The interrogation window depicted by the red box in
Fig. 6 was from 1100 to 1400 pixels in the x direction and 750 to
900 pixels in the y direction. The red channel of the color video was
most sensitive to the difference between the solids and the vortex
chamber.

The resulting signal on the left side of Fig. 7 has a low frequency com-
ponent, attributed to movement of the camera, as well as a higher fre-
quency component which is caused by the slug passing through the
Fig. 6. Image of the slugging phenomenon. Slug at the front of the chamber (left), and slug at
window used in the video analysis.
interrogationwindow. The higher intensity values of the high frequency
signal correspond to the slug.

Performing a Fast Fourier Transform on the average pixel intensity,
with no filtering or averaging, a strong peak at 6.9 Hz is present in the
plot on the right side of Fig. 7. This frequency compares well to the ob-
served frequency. If the assumption is made that the solids are moving
as a solid body [12], a solids velocity can be estimated by Eq. (8). Unfor-
tunately, the video quality and speed is not good enough to verify this
assumption or determine if the solids angular velocity changes with ra-
dius.

ω ¼ 2πf ð8Þ

Whereω is the angular velocity and f is the frequency in revolutions/s.
At a frequency of 6.9 Hz, this results in an angular velocity of 43 rad/s.
With a radius of 21.5 cm, the particles are moving at a tangential speed
of 9.3 m/s.

For reference, at a volumetricflow rate of 14m3/min, the gas velocity
through the slots, as calculated by Eq. (5) is approximately 331m/s. The
radial component of the gas velocity, discussed further in Section 4.4,
ranges from 7 to 30 m/s, depending on the radius.

The centripetal acceleration, ac can be calculated with:

ac ¼ vp;t2

r
ð9Þ

Where vp ,t is the tangential speed and r is radius. During this condi-
tion, the particles were experiencing a centripetal acceleration of 41 G,
or 41 times the acceleration due to gravity on earth.

As solids were continually added to the bed, a critical bed mass was
achievedwere the slugging phenomenon ceased and a uniformbedwas
observed, Fig. 8, confirming observations by other groups [12]. Vibra-
tions and audible noise reduced significantly, as well as the pressure
drop over the chamber. This bed stayed uniform over a wide range of
flow rates. The critical mass could not be measured due to inconsis-
tencies with the solids feeding.

4.2. High density polyethylene and cork

A 50% HDPE, 50% cork mixture by weight was fed into the rotating
fluid bed at about 0.2 kg/min. Gas flow rate to the bed was sustained
at 14m3/min. During this test, large amounts of the cork,with very little
HDPE, exited through the chimney of the unit as expected due to greater
effect of the drag force. The HDPE stayed inside the chamber and a bed
was formedwith the remaining cork. Slugging of the bed was observed
at low solids inventory, however as the inventory was increased, the
slugging stopped and a stable uniform bed was observed. Fig. 9 shows
a picture of the slug. There seemed to be a segregation of the remaining
cork from theHDPE, with theHDPE seen in greater quantity at the outer
wall of the chamber.

Feeding of solids into the bed was problematic due to the eductor
not providing a large enough pressure gain to overcome the pressure in-
side the unit, despite using a solids feed port located close to the vortex
the back of the chamber (right). The red box on both images represents the Interrogation
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chamber central axis where the pressure is lower. The amount of mass
successfully fed into the unit was unknown. From observation of the
bed, the bed height (radial thickness) was on the order of 3 to 4 cm.

Once the solids had been fed into the unit and a bedwasmaintained
for an extended period of time, the solids outlet at the outer most radial
position was opened. A continuous stream of primarily HDPE with low
amounts of cork was observed with minimal gas exiting. In order to
quantify the separation efficiency, samples of the solids fed into the sys-
tem, solids that exited through the chimney, and solids that were
drained through the solids outlet where collected. These solids samples
were then analyzed by taking two photos of the material on a black
piece of paper. The image on the left in Fig. 10 was taken with ambient
lighting. The image on the right in Fig. 10 was taken with no ambient
lighting (the setup was enclosed in a cardboard box) just after the
HDPE was charged with a 250 W halogen lamp.

The first, ambient light, image was thresholded to segment all the
particles from the background. The red channel of the color image was
more sensitive to the particles then the other two channels. Pixel values
of the red channel that were higher than 70 to 120, depending on the
specific lightning conditions, were tagged as particle pixels.

The second, no ambient light, image was thresholded to segment
just the HDPE since only the HDPE phosphoresces. The green channel
of the color image was more sensitive to the phosphorescence then
the other two channels. Pixel values of the green channel that were
higher than 10 to 30, depending on the lighting, were tagged as high
density polyethylene particles. The first image, the green channel of
the second image, and the first image with the tagged pixels of all the
particles and just the HDPE, for all three samples can be seen in Fig. 11.

The quantitative particle counts from the images were consistent
with the observations from the experiment. At the equivalent feed
rate by mass, the heavier HDPE only represented 20% of the total solid
particle count entering the bed. The solids that exited out of the chim-
ney and collected in the downstream filter was 98% cork. Through the
drain port, the mixture was 55% HDPE, 45% cork. Due to the placement
Fig. 8. Stable and uniform bed developed after the critical mass is reached.
of the outer most drain port, both portions of the segregated bed
drained.

In future tests, a larger or thicker bedwill need to be developed so as
to allow for draining from one section of the bed can occur. In addition,
theweight scales will be utilized at the downstream collection locations
to obtain mass approximations for the captured particles.

The results do show that separation can be achieved quicklywithin a
thin bed as compared to conventional segregation in fluid bed ap-
proaches. This leads to process intensification, allowing for smaller
systems.

4.3. High density polyethylene and glass beads

A mixture of 50% glass beads, 50% HDPE by weight was fed into the
unit at flow rate of about 0.2 kg/min. Gas flow rate to the bed was
sustained at 14 m3/min. A well-defined bed was developed and very
few particles escaped through the chimney during operation. Visually
separation could not be seen during testing within the bed or at the
solids outlet. The dependence on drag and centrifugal forces for these
two species were counteracted as explained in the previous section.
Glass beads experienced low drag and low centrifugal forces while
HDPE in comparison experienced high drag and high centrifugal forces.
Due to this relation, glass beads did not segregate or separate from the
HDPE.

4.4. Drag compared to centripetal force

The determination of whether a particle stays inside the vortex
chamber or exits through the outlet depends onwhether the centripetal
force or the drag force in the radially inward direction is greater. First
the situation is analyzed after the first particles enter the vortex cham-
ber and no bed is present yet (the void fraction, ϵ, is 1.0). Assuming uni-
form flow across the distributor and not accounting for the effects of the
end walls, the superficial radial gas velocity (vg ,r(r)) within the vortex
chamber can be estimated based on radial position:

vg;r rð Þ ¼ Qin

2πrL
ð10Þ

WhereQin is the volumetric gasflow rate and L is the vortex chamber
length (2.5 cm in this case). As the cross-sectional area decreases with
decreasing radius, the superficial gas velocity has to increase, Fig. 12.

The determination of the superficial radial gas velocity allows for the
estimation of the drag force in the radial direction (Fd(r)) on individual
particles. If the assumption is made that the particles can be treated as
spheres, the drag force in the radial direction for a single particle can
be estimated by:

Fd rð Þ ¼ 1
2
ρgv

2
g;rCD rð ÞAp ð11Þ



Fig. 9. “Snapshot” of a slug during low solids inventory. The solids are moving from right to left. A segregation of the cork (inner bed) and HDPE (outer bed) is observed.
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Where ρg is the density of air, CD(r) is the drag coefficient as a func-
tion of radius, and Ap is the cross-sectional area of a particle. Thedrag co-
efficient can be determined by [13]:

CD rð Þ ¼ 24
Re

þ
2:6

Re
5:0

� �
1þ Re

5:0

� �1:52 þ 0:441 Re
263;000

� �−7:94

1þ Re
263;000

� �−8:00 þ Re0:80

461;000

 !
ð12Þ

Where Re is the particle Reynolds number expressed as:

Re ¼ ρgdpvg;r
μg

ð13Þ

The centripetal force (Fc(r)) can also be estimated as a functionof the
radius by assuming that the particle angular velocity remains constant
over the radius and assuming uniformity over the entire length of the
vortex chamber, i.e. neglecting the effects of the end walls:

Fc rð Þ ¼ mprω2 ð14Þ

wheremp is the mass of a particle and ω is the angular velocity. The re-
sultant values are plotted in Fig. 13 for each of the three materials used
in the vortex chamber and using the measured typical particle rotation
speed, assumed to be independent of the solids loading to facilitate the
analysis.

Fig. 13 explains the efficient separation of HDPE and Cork with the
given vortex chamber and operating conditions, aswell as the poor sep-
aration of HDPE and GB. The radius at which the drag force (Fd(r))
equals the centripetal force (Fc(r)) is indeed almost the same (8.78 cm
compared to 9.18 cm for the HDPE, and GB respectively). This means
that there is no gas velocity that could be run to separate the twomate-
rials. However, the radius at which the drag force (Fd(r)) equals the cen-
tripetal force (Fc(r)) for the cork is at a much larger radius then the
Fig. 10. The two photos taken for each sample. Ambient lighting (left) and no am
HDPE (15.48 cm). This allows the cork to be easily separated from the
HDPE. Following the same reasoning, the glass beads and the cork
should also separate easily. Accounting for the radial position of the
solids feeding port that was used, Fig. 13 also explains the immediate
loss of Cork particles into the chimney after being fed into the chamber.

Fig. 14 repeats the analysis in the presence of a particle bed. In the
particle bed region, the radial gas velocity, vg ,r(r,ε), can be calculated
from:

vg;rr; ϵ ¼ vg;r rð Þ
ϵ

ð15Þ

where ϵ is the bed void fraction. Considering that there is a 3 cm thick
bed with a void fraction of 0.6, Fig. 14 shows that also in the particle
bed region the drag force on the cork is larger than the centripetal
force, explaining the cork exiting the vortex chamber.

5. Conclusion

A rotating fluidized bed was designed and constructed to experi-
mentally determine if it could be used to separate a binary mixture of
granular materials. Results showed that two distinct materials could
be separated within the chamber based upon their particle size and
mass. Making a series of assumptions, the drag force in the radial direc-
tion and centripetal force can be estimated for the particles. Once the
drag force is larger than the centripetal force, the particle will leave
the vortex chamber. In order for solid-solid separation to occur, the ra-
dial location at which the drag force in the radial direction and the cen-
tripetal force are equal has to be significantly different. This also affects
the required particle feed location.

To further analyze the designed system for practical application de-
velopment, continuation of this study is planned to show how two sep-
arated species within the bed can be maintained and then collected.
Design alterations are being considered to address concerns on
bient lighting just after the high density polyethylene was charged (right).
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Fig. 11. From top to bottom; A) High density polyethylene and cork feed mixture, B) Solids exiting the chimney, and C) Solids exiting the solids outlet (from left to right; original image,
green channel of fluoresced particles, and original image with tagged particles).

129J.M. Weber et al. / Powder Technology 316 (2017) 123–130
controllingmaterial inventory in the chamber aswell as leaving the bed
for collection. HDPE, as an analog material for iron oxide in a chemical
looping combustion process, will be used in future studies along with
a range of ash analog materials that include cork. Imaging techniques
using high speed video are currently being implemented to give in-
creased visual clarity within the bed during operation as well as
extracting accurate particle velocity measurements.

The continued investigation of this technology and identification of
process applications will hopefully lead to process intensification,
allowing formore compact reaction systems as opposed to conventional
reactors such as circulating fluidized bed and fluid bed reactors.

Notation

ac centripetal acceleration, m/s2

Ap cross-sectional area of a particle, πd
2
p

4 , m2

CD coefficient of drag
Dc Diameter of the chimney, 10.2 cm, m
Dvc Diameter of the vortex chamber, 43 cm, m
dp particle diameter, m
d50 mean particle diameter, m
dSMD sauter mean diameter, m
Fd drag force on a single particle, N
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Fig. 12. Radial air velocity within the vortex chamber with respect to radial position in the
absence of a particle bed.
Fc centripetal force, N
G acceleration due to gravity, m/s2

L vortex chamber length (thickness), 2.5 cm, m
mp mass of a particle, kg
n number of slots, 38
Qin volumetric gas flow rate, m3/s
Re particle Reynolds number
r vortex chamber radius, m
rp radius of a particle, m
s width of a slot, 381 μm, m
tb thickness of the bed, m
vg ,r velocity of gas in the radial direction, m/s
vg ,t velocity of gas in the tangential direction, m/s
vg ,in velocity of gas through a slot, m/s
vp ,t velocity of particles in the tangential direction, m/s
Δpt change in the tangential momentum of the solids, kg·m/s2

ϵ void fraction
εs solids fraction
λ fraction of the chamber circumference taken by the gas inlet

slots
μg gas viscosity, Pa·s
ρg gas density, kg/m3

ρp particle density, kg/m3

τres ,g gas residence time in the bed, s
ω angular velocity, rad/s
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Fig. 13. Comparison of drag forces and centripetal forces on individual particles within the
vortex chamber for eachmaterial in the absence of a particle bed (initial particle feeding).
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Fig. 14. Comparison of drag forces and centripetal forces on individual particles within the
vortex chamber for each material after building up a particle bed with void fraction 0.6.
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