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INTRODUCTION AND THESIS LAYOUT
This thesis describes work conducted on an ethylene producing reactor engine. Ethylene
is a primary feedstock for plastic, for which demand is projected to increase dramatically over
the coming years. This increased demand for plastic is result of the performance advantages
plastics exhibit over other materials for packaging and other applications, the refusal of China to
accept recycled plastic from other countries, and the increased availability of natural gas as a
feed stock as a result of fracking. Full scale chemical processing plants for ethylene require
substantial initial capital investments and lengthy construction periods. A reactor engine offers a
smaller, scalable alternative, as additional reactor engines may be brought online to meet
increased demands. Use of an internal combustion engine offers advantages including
widespread availability at low cost compared to specially designed components, as well as ability
to withstand high temperatures and pressures. The reaction for producing increased levels of
ethylene over thermal cracking relies on oxygen carrying particles which can be incorporated
into the engine as a packed bed, monolith, or fluidized bed. Of these options, the fluidized bed is
anticipated to offer superior performance for reasons discussed in chapters 2-4.
Initial work, described in Chapter 2: Internal Combustion Engines as Fluidized BedReactors, focused on incorporating a conventional fluidized bed inside of an internal
combustion engine cylinder. Analytical work, simulations, and experiments indicated that a
fluidized bed could only be generated at engine speeds which would not produce a useful amount
of product.
In a standard fluidized bed, upwards drag force on the particles is balanced by
downwards gravitational force. At higher engine speeds, the resulting larger inlet velocities
produce larger drag forces, which cause the particles to be carried away with the gas stream. In
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contrast, a rotating fluidized bed (RFB), in which drag force on the particles is balanced by
centrifugal force, can allow for much larger inlet velocities and thus greater engine speeds.
However, there are not yet fundamental models to guide the design of rotating fluidized beds,
since their fluid dynamics are not fully understood.
In order to determine the design for the RFB, initial simulations and experiments were
carried out as described in Appendix A. A primary challenge for the experiments was
determining which designs had superior performance over others. Designs with favorable
“fluidization quality” in which all particles were in motion with good contact between the gas
and solid phases, should result in better product yields than those with poor “fluidization
quality”. Pressure drop across the particle bed impacts the work requirements to move the gas
through the RFB. Pressure drop is also a useful quantity for comparison of simulation and
experimental results, since the distribution of particles throughout the device impacts the
pressure drop. However, lower pressure drop alone does not necessarily indicate superior
performance, since low pressure drop may occur in conjunction with poor fluidization. For
example, in cases of substantial gas bypassing, the particles may be stationary at the bottom of
the device, but the pressure drop may be much lower than that of a design where the particles are
rotating uniformly around the device, with good fluidization. To experimentally determine the
fluidization of the particles, an optical technique was developed as discussed in Appendix B.
Laboratory experiments were conducted to validate simulation results for an initial design
as described in Appendix C. Simulations were then conducted to determine the impact of RFB
design parameters (particle size, particle density, outer diameter, solids loading, height, number
of inlet slots, inlet slot width, angle of inlet slots, chimney diameter, chimney number of slots,
chimney slot width, chimney slot angle, and position of the chimney relative to the inlets) on
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pressure drop and fluidization quality as described in Chapter 3: Design Parameters For
Small Scale Rotating Fluidized Beds In Static Geometry For Fine Particles.
Based on the simulation results and laboratory testing, an RFB design to fit into the
reactor engine was selected. The design was tested in the laboratory at low temperatures and
flow rates and compared to simulation results at the same conditions. Simulations were also
carried out at engine conditions. These simulations and experiments, discussed in Chapter 4:
Rotating Fluidized Beds in Internal Combustion Engines, indicate that particle fluidization
might be achieved within a rotating fluidized bed for a reactor engine application. Chapter 5 is
a summary of major findings and recommendations of future work.
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CHAPTER 2: INTERNAL COMBUSTION ENGINES AS FLUIDIZED BED
REACTORS

Zoe Lavrich, Zachary Taie, Shyam Menon, Shane Daly, Devin Halliday, Chris Hagen

Proceedings of the ASME 2017 Internal Combustion Fall Technical Conference
October 15-18, 2017, Seattle, Washington, USA
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Abstract
An internal combustion engine which is primarily designed for producing power can be utilized
as a chemical reactor for a range of chemical processes given its inherent advantages including
high throughput, high chemical conversion efficiency, and reactant/product handling benefits. For
gas-phase processes requiring a catalyst, the ability to develop a fluidized bed reactor within the
engine cylinder would greatly enhance gas/solid mixing, reducing mass transfer barriers and
allowing the reactor to efficiently process large volumes of fluid. In addition, use of an engine
could facilitate vibration and pulsed flow which may enhance fluidization quality. This work
examines the fluidization behavior of particles within a cylinder of an internal combustion engine
at various engine speeds using analytical and experimental methods. First, calculations were
carried out to determine the maximum fluidization velocity and the corresponding engine speeds
below which fluidization of a particle bed is possible given the properties of the particles and
engine dimensions. Fluidization depends on particle properties as well as the engine used. For 4063 micron diameter silica gel particles placed inside a modified Megatech Mark III transparent
combustion engine (with a bore of 4.1 cm, stroke length of 5.1 cm and compression ratio of 2.4),
calculations indicate that engine speeds of approximately 1.1 to 60.8 RPM would result in
fluidization of the particles. For higher engine speeds, the fluidization behavior is expected to
deteriorate as the maximum fluidization velocity is surpassed. Next, experiments were conducted
using the transparent engine and video recording to obtain qualitative confirmation of the
analytical predictions. Simulations were then performed using ANSYS Fluent to investigate
pressure drop across the bed. Consistent with the calculations, for an engine speed of 48 RPM,
fluidized behavior was observed. In contrast for an engine speed of 171 RPM, the fluidization was
observed to deteriorate and result in a “cake” of particles that moved in a lumped manner. Overall,
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the investigation shows that a fluidized bed can be obtained within the cylinder of a reciprocating
piston engine if the engine speed is within the range predicted by the maximum fluidization
velocity.

Introduction
Internal Combustion (IC) engines are commonly used for mobile power generation for
ground, air and marine transportation, in portable electrical generators, in air or natural gas
compression devices [1], and for combined heat and power applications. While primarily
designed to produce power, IC engines can also be considered variable volume reactors with
combustion efficiencies approaching 100% in automotive applications [2]. Multiple attempts
have been made to utilize IC engines as reactors for processes such as syngas production by
partial oxidation of methane and natural gas [3-7], nitric oxide production, and partial oxidation
of solid fuels [8,9].
The application targeted in this work utilizes an IC engine as a chemical reactor
incorporating catalyst particles to increase ethylene yield through the following reactions:
𝐶2 𝐻6 → 𝐶2 𝐻4 + 𝐻2
𝐻2 + 𝑀𝑒𝑥 𝑂𝑦 → 𝐻2 𝑂 + 𝑀𝑒𝑥 𝑂𝑦−1

The catalyst is an oxygen carrier that is reduced as ethane flows through, and is re-oxidized with
alternating flows of air. Currently the process used to convert ethane to ethylene involves largescale cracking facilities that require large upfront capital investments [10]; a rector engine could
provide a scalable alternative. IC engines are a logical choice for this application since they are
widely available, relatively reliable, and designed to operate at a wide range of extreme
conditions. The oxidation reaction promoted by the catalyst is exothermic resulting in release of
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thermal energy comparable to the heat of combustion in typical IC engines [11]. High
temperatures are required for thermal decomposition to form ethylene via the reactions above;
the first exemplifies pyrolysis.
This work presents an investigation on fluidized behavior of particles within IC engine
cylinders, including analytical predictions of particle behavior based on gas and particle
properties, experimental efforts to visualize the in-cylinder particle motion using an optically
accessible single cylinder engine, and simulations of particle motion as well as pressure drop and
velocity of the gas phase.

Fluidized Bed Technology
While IC engine applications typically incorporate gas phase chemical reactions,
involving a solid phase catalyst is beneficial for certain applications. Solid phase catalysts can be
incorporated into the engine cylinder in a number of ways, including as a fixed bed monolith or
as a fluidized bed. Fluidized bed reactors offer several advantages such as good mixing of the
solid and gas phases, as well as fast heat and mass transfer. Another key benefit is that for the
same amount of catalyst surface area, a fluidized bed can allow for a higher reactor throughput.
The overall pressure drop, which results in increased work input, is also lower for a fluidized bed
than for a packed bed with the same mass transfer rate. Thus, the ability to develop a fluidized
bed reactor within the engine cylinder would greatly enhance gas/solid mixing, reducing mass
transfer barriers and allowing the reactor to efficiently process large volumes of fluid.
While the advantages of fluidized bed reactors are appealing, they also present challenges
compared to monoliths. As mentioned by Kunii and Levenspiel [12], the rapid mixing that
occurs in fluidized beds may lead to nonuniform residence times, which coupled with the
difficulty of describing the gas flow (as compared to plug flow and other simple models) may
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result in difficulties in designing the reactor to achieve the desired conversion and uniformity of
products. In addition, the motion of the particles can lead to significant erosion and abrasion,
damaging the components of the reactor.
For a fluidized bed within an engine cylinder, the components of the reactor, and possibly
of the engine, might need to be constructed of erosion resistant materials and might require more
frequent maintenance or replacement. Screens would be required to contain the particles in the
cylinder and would ideally prevent the particles from escaping the reactor and damaging the
engine.

IC Engines as Fluidized Bed Reactors
Multiple advantages might be expected from use of IC engines as fluidized bed reactors. IC
engines have been designed to run efficiently over a range of operating conditions and extreme
environments over a wide temperature range. For fluidized beds, introduction of vibrations or
pulsed flow may improve fluidized behavior [13]; Therefore, fluidization may be increased when
incorporating a fluidized bed inside of an engine due to the inherent vibration and pulsed flow of
the engine.
Use of an internal combustion engine as a fluidized bed reactor might allow chemical
processes, such as conversion of ethane to ethylene, to be performed on a much smaller scale,
reducing the initial capital investment required to obtain the necessary equipment for such
processes. In addition, use of an engine could make scaling up such processes simpler, as
additional modified reactor engines could be purchased to increase capacity.
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Analytical Work
One realization of a fluidized bed reactor concept within an IC engine cylinder is to
incorporate meshes/screens in the cylinder volume to contain the solid catalyst particles which
are then exposed to the gaseous phase during the engine cycle. In this scenario, the engine speed
is an important parameter in determining the fluidization of the bed. Other parameters
influencing fluidization include particle size and density, as well as gas density, viscosity, and
velocity. These parameters define the Reynolds number (𝑅𝑒𝑝 ) [10]. Which is given by:
𝑅𝑒𝑝 =

𝜌𝑔 𝑑𝑝 𝑈
𝜇

(1)

in which 𝜌𝑔 is the gas density (gm/cm3), 𝑑𝑝 is the particle diameter (cm), 𝑈 is the gas velocity
(cm/s) and 𝜇 is the dynamic viscosity of the gas (gm/cm-s). Graphically, fluidization behavior
can be described by pressure drop through the bed (∆p) as a function of velocity (𝑢0 ) as shown
in Figure 1[12].

Figure 1. Empirical relationship for variation in pressure drop with increasing velocity
from [12] indiciating minimum fluidization velocity (𝑈𝑚𝑓 ) and maximum fluidization
or terminal velocity (𝑈𝑡 ).
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For velocities above the minimum fluidization velocity (𝑈𝑚𝑓 ) and below velocities at
which the particles begin to be entrained by the gas, pressure drop is approximately constant and
the bed is fluidized.
In a reciprocating engine, the piston induces a flow velocity to the gas, which may result
in fluidization of the bed, if the resulting velocity is between the minimum and maximum
fluidization velocities. Assuming 100% volumetric efficiency, which may be a reasonable
assumption at low speeds, the induced inlet flow velocity is related to the mean piston speed as
described equation (2) [14].

𝑁=

60𝑈
2𝐿

(2)

where N is the engine speed (RPM), U is the inlet flow velocity (to the fluidized bed) (m/s), and
L is the stroke length (m).
Fluidization is expected over a range of gas inlet velocities between the minimum
fluidization velocity and the terminal velocity. The minimum fluidization velocity (𝑈𝑚𝑓 , 𝑐𝑚/𝑠)
is defined as the gas velocity at which the drag force on the particle exceeds the gravitational
force, such that the particles will move in a fluid-like manner. The drag force is determined
based on the pressure drop across the bed which is calculated based on the Ergun equation, a
well-known equation in chemical engineering and fluidization which correlates pressure drop to
void fraction, as well as particle and gas properties. For Reynolds numbers of less than 0.4, the
minimum fluidization velocity is given by equation (3) [12].
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umf =

g(ρc -ρg )d2p
1650μ

(3)

where 𝑔 is the acceleration of gravity (cm/s2), 𝑑𝑝 is the particle diameter (cm), 𝜇 is the dynamic
viscosity of the gas (gm/cm-s), 𝜌𝑔 is the gas density (gm/cm3) and 𝜌𝑐 is the density of the
particles (gm/cm3).
The terminal fluidization velocity (𝑈𝑡 , 𝑐𝑚/𝑠), or maximum fluidization velocity, is the
velocity at which the solids are entrained by the gas. For an unconfined bed reactor, this would
result in the particles leaving the reactor. In the engine configuration for a contained bed,
exceeding the maximum fluidization velocity results in a “clumped” behavior where the bed
moves in a collective manner along with the piston motion. To determine the velocity at which
particles will be carried out of the bed, or elutriated, the free-fall velocity of the particles is
calculated. The terminal velocity provides an upper limit to inlet gas velocity to prevent
elutriation. The terminal velocity for Reynolds numbers of less than 0.4 is given by equation (4)
[10].

ut =

g(ρc -ρg )d2p
18μ

(4)

in which the units are the same as equation (3).
Experiments were conducted using silica particles with a density of 2,200 kg/m3.
Calculations assumed an air density of 1.225 kg/m3. For these conditions, the maximum engine
speed for fluidization without elutriation was calculated to be approximately 60.8 RPM. The
calculated terminal velocity was 10.5 cm/s, with a Reynolds number of 0.284. The minimum
fluidization velocity of 0.19 cm/s and corresponding engine speed of 1.10 RPM was so low as
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not to be relevant to our research. As compression occurs, the density of air in the cylinder will
increase to approximately 2.6 kg/m3 at the most, assuming isentropic compression with a
compression ratio of 2.4. The maximum fluidization velocity decreases with increasing gas
density [12], so using a constant density of 1.225 kg/m3 may result in a higher calculated
terminal velocity than could actually be achieved in the engine.

Experimental Work
A modified Megatech Mark III transparent combustion engine, as shown in Figure 2, was
used to investigate the flow behavior of air through a bed of silica particles. The silica particles
were selected to be similar in size to catalyst particles used in the target application. Quartz
cylinders, push rod extenders, and two screens were installed to extend the cylinder to
accommodate the particles. Specifications of the engine, particles, and screens are provided in
Table 1. The screens were sized to prevent particles from leaving the cylinder, and are not
expected to have a large impact on the flow velocity although they may result in flow
straightening. Approximately 1 cm of particles were placed into the cylinder. This number of
particles was selected to correspond to a possible fill depth in an actual application and to give a
reasonable indication of the particle motion. (Higher fill depths might make it more difficult to
discern which regions had particles and which did not during the tests. Lower fill depths would
be less likely for applications seeking to maximize catalyst mass while limiting the reactor size.)
The possibility that the depth of particles placed within the cylinder might impact the fluidization
behavior was investigated using simulations as described later in this work.
Initial investigations focused on determining if a fluidized bed would be feasible within
an engine cylinder. The particles were intended to be placed in the cylinder and remain there for
the duration of testing. There was no setup for particle replenishment apart from disassembling
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the entire apparatus. If an internal combustion engine were to be used as a fluidized bed reactor
for a real application, future designs might require a plan for catalyst replenishment or
regeneration because of coke formation, or catalyst deactivation. To conduct the tests at the low
speeds at which fluidized behavior was expected, the engine was rotated by a variable speed
electric motor. Engine speed was determined by counting the number of engine revolutions per
time interval. Tests were carried out at 48 and 171 RPM and the motion of the particles was
captured with a CMOS 16-megapixel camera with video recording at 240 FPS.

Table 1. Fluidization test equipment.
Modified Megatech Mark III TE1 transparent engine
Bore (cm)

4.1

Stroke length (cm)

5.1

Estimated compression ratio

2.4:1

Silicon dioxide particles
Supplier

Alfa Aesar

Product name

Silica gel 60

Diameter (mm)

0.040-0.063
Screens

Wire diameter (in)

0.001

Mesh

400x400 (0.037 mm)
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Figure 2. Megatech Mark III engine modified for fluidized bed tests.

Simulations
After conducting experiments to obtain a qualitative indication of the particle behavior
with the modified Megatech engine, simulations were performed using ANSYS Fluent 17.0 to
gain further quantitative information about the particle motion. A cylindrical geometry and
particle properties corresponding to the experimental tests, as summarized in Table 2, were
specified as simulation inputs. Air was specified as the inlet gas.
A velocity inlet boundary condition was specified at the bottom of the cylinder using
sinusoidal velocity profiles corresponding to the engine speeds of 48 and 171 rpm. The outlet
boundary condition was set as a pressure outlet. To reduce computational expense, the
simulations assumed incompressible flow, since the inlet velocities were much lower than a
Mach number of 0.3 [13].
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Table 2. Simulation inputs.
Simulated Geometry
Cylinder diameter (cm)

4.1

Cylinder height (cm)

2

Initial depth of particles (cm)

1

Particle Properties
Density (kg/m3)

2,200

Diameter (mm)

0.05

The mesh screen in the physical tests was modeled as a porous zone directly beneath the
outlet, with no resistance to gas flow and high resistance to particles. At the walls, the specified
boundary conditions were no slip for the gas phase and free slip for the particles. Figure 3 shows
the geometry and mesh used for these simulations.

Figure 3. Mesh A (left) (used in the simulations for both 48 and 171 rpm) and mesh B (right) (for
investigation of mesh independence)
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Figure 4. Comparison of area weighted average inlet pressure of Mesh A and B.

Meshes were created using ANSYS Meshing. Simulations were performed on the 171
RPM case with an initial depth of 1 cm of particles, to evaluate the impact of the mesh on the
simulation results for inlet pressure. Mesh A has 18,225 nodes with a minimum quality of 0.67
and maximum skew of 0.16, while mesh B has 43,584 nodes with a minimum quality of 0.52 and
maximum skew of 0.41. The difference in area weighted average inlet pressure for these meshes
for the first 3 revolutions is shown in Figure 4. Since the outlet boundary condition was specified
as atmospheric pressure, the simulations do not represent the pressures expected within an
engine. However, they do give an indication of the particle motion that might be expected based
on the velocity of the entering air. In addition, the simulations might represent certain reactor
designs that could be placed outside of the cylinder, with inlet gas velocity corresponding to the
motion of the piston, but lower outlet pressures.
An Eulerian-Eulerian multiphase approach, which treats the particle and gas phases as
separate but interpenetrating continua, was used to model the particle motion. This approach
involves solving continuity and momentum equations for each phase, with coupling between the
phases specified through interphase exchange coefficients.
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The Eulerian-Eulerian approach solves for the volume fraction of each phase (αp). The
continuity equation for phase p with density 𝜌𝑝 and velocity 𝑉̅𝑝 is then [18]:
𝜕
𝜕𝑡

(𝛼𝑝 𝜌𝑝 ) + ∇ ∙ (𝛼𝑝 𝜌𝑝 𝑉̅𝑝 ) = 0

(5)

in the absence of mass sources or mass transfer between the phases.
For the solid phase, a gradient of solids pressure (𝑝𝑠 ) is calculated based on the granular
temperature (𝜃𝑠 ), coefficient of restitution for particle collisions (𝑒𝑠𝑠 ) and radial distribution
function (𝑔0,𝑠𝑠 ) as [18]:
𝑝𝑠 = 𝛼𝑠 𝜌𝑠 𝜃𝑠 + 2𝜌𝑠 (1 + 𝑒𝑠𝑠 )𝛼𝑠2 𝑔0,𝑠𝑠 𝜃𝑠

(6)

The method of Lun et al [18] was applied to determine the solids pressure and radial distribution
function. The radial distribution function allows specification of a maximum volume fraction or
packing limit by determining whether the particles can be moved closer together. The granular
temperature is proportional to the kinetic energy of the random motion of the particles.
Lun et al [18] was also applied to determine the granular (solids) bulk viscosity (𝜆𝑠 ),
describing compression and expansion of the particles:
4

𝜃

𝜆𝑠 = 3 𝛼𝑠2 𝜌𝑠 𝑑𝑠 𝑔0,𝑠𝑠 (1 + 𝑒𝑠𝑠 )( 𝜋𝑠 )0.5

(7)

The solids shear viscosity (µs) is given by the sum of collisional, kinetic, and frictional
components. Kinetic theory (frictional pressure based KTGF) was applied to determine the
collisional component of the solids shear viscosity. The Syamlal and O'Brien [18] relationship
was applied to determine the kinetic component of the granular viscosity:
𝜇𝑠,𝑘𝑖𝑛𝑒𝑡𝑖𝑐 =

𝛼𝑠 𝑑𝑠 𝜌𝑠 √𝜃𝑠 𝜋
6(3−𝑒𝑠𝑠 )

2

[1 + 5 (1 + 𝑒𝑠𝑠 )(3𝑒𝑠𝑠 − 1)𝛼𝑠 𝑔0,𝑠𝑠 ]

(8)
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The equation developed by Schaffer [18] (in which ∅ is the angle of internal friction and
𝐼2𝐷 is the second invariant of the deviatoric stress tensor) was used to calculate the frictional
component of the solids shear viscosity:
𝜇𝑠,𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛𝑎𝑙 =

𝜌𝑠 𝑠𝑖𝑛∅

(9)

2√𝐼2𝐷

The shear stress ̿̿̿
𝜏𝑞 depends on the shear and bulk viscosity as [18]:
2
𝜏̿𝑞 = 𝛼𝑞 𝜇𝑞 (∇𝑉̅𝑞 + ∇𝑉̅𝑞𝑇 ) + 𝛼𝑞 (𝜆𝑞 − 3 𝜇𝑞 )∇ ∙ 𝑉̅𝑞 𝐼 ̿

(10)

The momentum equation for phase q depends on pressure (p) and gravitational
acceleration (g), as well as interaction force between phases (𝑅̅𝑝𝑞 ), external body force (𝐹̅𝑞 ), lift
force (𝐹̅𝑙,𝑞 ), wall lubrication force (𝐹̅𝑤𝑙,𝑞 ), virtual mass force (𝐹̅𝑣𝑚,𝑞 ), and turbulent dispersion
force (𝐹̅𝑡𝑑,𝑞 ) [18]:
𝜕
(𝛼 𝜌 𝑉̅ ) + ∇ ∙ (𝛼𝑞 𝜌𝑞 𝑉̅𝑞 )
𝜕𝑡 𝑞 𝑞 𝑞
= −𝛼𝑞 ∇𝑝 + ∇ ∙ ̿̿̿
𝜏𝑞 + 𝛼𝑞 𝜌𝑞 𝑔̅

(11)

𝑛

+ ∑(𝑅̅𝑝𝑞 ) + [𝐹̅𝑞 + 𝐹̅𝑙,𝑞 + 𝐹̅𝑤𝑙,𝑞 + 𝐹̅𝑣𝑚,𝑞 + 𝐹̅𝑡𝑑,𝑞 ]
𝜌=1

For the solid phase, the gradient of solids pressure is also subtracted from the right side of the
momentum equation.

The angle of internal friction, which is used in the equation for frictional viscosity
developed by Schaffer, was specified as 30 degrees [16]. The coefficient of restitution which
describes the amount of momentum retained by the particles following a collision (with 1
corresponding to particles retaining all of their momentum following a collision) was set as 0.9
[17]. Turbulence was included with the realizable k-e turbulence model [18]. A Phase-Coupled
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SIMPLE algorithm [19] was applied for pressure-velocity coupling while the transient
formulation was specified as first order implicit. For spatial discretization, first order upwind
schemes were specified for momentum, volume fraction, turbulent kinetic energy and turbulent
dissipation rate. In order to investigate the impact of discretization order on the simulation
results, second order schemes were also applied for the 171 RPM mesh A case with an initial
particle depth of 1 cm of particles as shown in Figure 5.

Figure 5. First and second order simulation results

Results
Figure 6 shows the particle motion observed with the Megatech engine operating at 48
RPM, less than the 60.8 RPM which corresponds to the maximum fluidization velocity for the
test conditions as previously described. At this lower engine speed, the particles exhibited some
characteristics of fluidized behavior as the drag force resulting from the rising gas was at times
larger than the gravitational effects caused by the weight of the particles [12]. This is particularly
apparent during the compression stroke. This behavior is shown in Figures 6(b) and 6(c) where
pockets of particles through which the gas appears to flow result in localized fluidized behavior.
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Figure 6. Particle movement with the Megatech engine operating at 48 RPM for typical: A)
intake, B) compression, C) power, and D) exhaust strokes.

Similarly, the simulation results for inlet velocities corresponding to an engine speed of
48 RPM indicated fluid-like motion of the particles at times. Figure 7 shows the simulation
results of volume fraction of particles at a cross section of the cylinder center line for inlet
velocities corresponding to 48 RPM at 0.31 (approximately 90 degrees), 0.625 (180 degrees) and
0.7 (201 degrees) seconds into the simulation.
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Figure 7. Volume fraction of particles at 48 rpm with an initial particle depth of 1cm.

Initially, the particles begin at the bottom of the cylinder, and then move upward along
with the gas, once the drag force on the particles becomes larger than the gravitational force.
Eventually, when the direction of the gas changes, the particles are pulled back down to the
bottom of the cylinder. Figure 8 shows the simulation results indicating how the pressure drop
across the bed changes with gas velocity. Initially, the pressure drop across the bed increases
with increasing velocity, then the pressure drop remains approximately constant as inlet velocity
continues to increase.
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Figure 8. Difference in area weighted average pressure between the inlet and outlet at 48 RPM
with a 1 cm fill depth.

The simulations were repeated with fill depths of 0.5 cm and 1.5 cm in order to
investigate the impact of fill depth on pressure drop and particle motion. Figure 9 shows the
pressure drop as a function of inlet velocity for 0.5, 1, and 1.5 cm depths of particles. Pressure
drop appears to increase with increasing fill depth.

Figure 9. Pressure drop for the first revolution at 48 RPM.
For an initial depth of 1.5 cm the pressure drop increases dramatically near the maximum
velocity, which might be a result of particles accumulating just below the top screen. Contours of
pressure drop and volume fraction of particles for a 1.5 cm depth of particles are shown in Figure
10. The particles move upward with the gas and by about 0.2 seconds (57.6 engine crank angle
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degrees) reach the top of the cylinder. At 0.2 and 0.31 seconds, a large pressure drop seems to
occur near the top of the cylinder, which may account for the higher pressure drop at velocities
above about 6 cm/s in Figure 9, as at these higher velocities particles may accumulate at the
screen. In contrast for fill depths of 0.5 cm and 1 cm, at 0.31 seconds the particles do not reach
the screen, as shown in Figure 11 and 7.

Figure 10. Volume fraction of particles and pressure drop for a 1.5 cm initial depth of particles
at 48 RPM.

Figure 11. Volume fraction of particles at 0.31 seconds (90 degrees) for 0.5 cm fill depth, 48
RPM.
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At 48 RPM fluidization seems possible at certain times within the engine cycle. In
contrast, at higher engine speeds, elutriation has been observed as the gas velocity is increased.
In a typical fluidized bed, elutriation would result in the particles being carried out of the
cylinder by the incoming gas. The screens prevent the particles from flowing out of the engine,
resulting in the formation of a packed bed of particles as shown in Figure 12 which was captured
with the Megatech engine operating at 171 RPM. For high engine speeds, the accumulation of
particles below the top screen may result in increased pressure drop. In addition, lack of fluidized
behavior will detrimentally impact the mass transport between the gas and the solid catalyst,
diminishing the chemical performance of the catalyst.

Figure 12. Particle behavior at an engine speed of 171 RPM

Simulation results for 171 rpm and an initial depth of 1 cm of particles also indicated a
deterioration in fluidized behavior. Figure 13 shows the volume fraction of particles on a cross
section of the cylinder 0.13 seconds (135 degrees) into the simulation. The particles appear to
collect below the top screen.
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Figure 10. Volume fraction of particles at 0.13 seconds (135 degrees) 171 RPM, 1cm fill.

Even with a lower initial depth of particles, the particles appear to accumulate below the
top screen as shown in Figure 14. Similarly, with a greater initial depth of particles, a high
volume fraction of particles appears near the top of the cylinder, as shown in Figure 15.

Figure 14. Volume fraction of particles at 0.13 seconds (135 degrees) for 171 rpm, 0.5 cm fill.

Figure 15. Volume fraction of particles at 0.13 seconds (135 degrees) for 1.5 cm fill, 171 RPM.
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Simulation results for pressure drop with increasing inlet velocity for the 171 RPM case
with varying particle depths (Figure 16), indicate increasing pressure drop with increasing initial
particle depth. The pressure drop is larger than that of the 48 RPM case (Figure 9) for initial
particle depths of 1 and 1.5 cm, possibly because of accumulation of particles below the top
screen. In particular, the sudden increases in pressure drop near the maximum velocity may be a
result of particle build-up below the top screen.

Figure 16. Pressure drop with increasing inlet velocity at 171 RPM.

Conclusions
Calculations, simulations, and experiments were performed to evaluate the behavior of
particles in a fluidized bed integrated into the cylinder of an internal combustion (IC) engine.
Calculations based on experimental conditions show an engine speed of 60.8 RPM resulted in
the maximum fluidization velocity. Beyond this engine speed, the fluidization behavior is
expected to deteriorate. Images of the particle motion inside the modified Megatech Mark III
transparent combustion engine operating at 48 RPM indicated fluidized behavior of the particles
within the cylinder, while images taken at 171 RPM did not. Simulations conducted using
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ANSYS Fluent also indicated potential fluidized behavior of the particles at 48 RPM for
sufficiently low particle loadings, while simulations of inlet velocities corresponding to 171
RPM indicated possible accumulation of particles at the top of the cylinder. These results, which
are consistent with the analytical calculations, demonstrate that a fluidized bed reactor could be
created by placing particles within an IC engine, provided that the operating speed of the engine
is less than the value calculated for the maximum fluidization velocity. The use of an internal
combustion engine as a fluidized bed reactor would allow fast mass and heat transfer, potentially
enabling high throughputs with low pressure drops, while the vibration and pulsed flow inherent
in an internal combustion engine might provide further enhancement in fluidized behavior.
However, given the research here, the fluidized bed engine would be relegated to rotational
speeds which are far below the capabilities of modern IC engines.
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Abstract
Design of a small scale rotating fluidized bed (RFB) in static geometry (using angled gas inlet
slots rather than mechanical rotation) with diameter of 4-6 cm to fluidize 40-80 micron diameter
particles was investigated using computational fluid dynamics (CFD). Simulations explored the
impact of the following parameters on pressure drop across the device and fluidization of the
particles: particle size, particle density, outer diameter, solids loading, RFB height, number of
inlet slots, inlet slot width, angle of inlet slots, chimney diameter, chimney number of slots,
chimney slot width, chimney slot angle, and orientation of the chimney relative to the inlets.
Fluidized behavior was evaluated based on a “fluidization quality” metric yielding information
about the distribution of particles in the device. Although additional work is required to elucidate
design guidelines for small scale RFBs for fine particles, the initial designs evaluated in this
work indicate potential for developing a fluidized bed of relatively small diameter, presenting
opportunities for process intensification for numerous potential applications.

Introduction
There have been over 50 years of study of fluidized particles [1]. In particular gas-solid
fluidization is employed in a range of processes including coating [2], [3], , filtration [4], [5],
combustion of coal [6], pyrolysis of biomass [7], [8], catalytic cracking of gas oil [9],
polymerization of olefins [10], and drying [11]–[13].
Conventional fluidized beds, in which the upwards drag force on the particles is balanced
by downwards gravitational force, are already applied for a number of industrial processes [14].
However, fine Geldart C particles are difficult to fluidize in conventional fluidized beds [15]
because they experience large interparticle forces as a result of van der Waals forces,
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electrostatic forces and capillary forces due to the presence of moisture [1]. Such fine particles
can be fluidized using rotating fluidized beds [16] since the larger forces imparted to the particles
can overcome the cohesive forces between them [1] allowing for improved handling of fine
particles [17] with applications in food processing, electronics, chemical processes [18], [19] and
pharmaceuticals. In particular, certain drug delivery solutions including asthma treatment and
cancer treatment by transcatheter arterial embolization rely on fine powders [20].
Rotating fluidized beds employ centrifugal force to balance the drag force on the particles
allowing for higher velocities, resulting in higher forces on the particles, thereby enabling
process intensification by increasing gas-solid contact and slip velocity to achieve increased heat
and mass transfer [21]–[23]. In a conventional fluidized bed with large inlet flow rates, the drag
force is larger than the gravitational force resulting in particle elutriation. In contrast, a rotating
fluidized bed allows for a wide range of inlet flow rates, since the flow rate impacts both the drag
and centrifugal forces in a similar way [24]. Use of centrifugal force to balance drag force could
also be advantageous in environments where gravity cannot balance drag force.
In addition to increased throughput, RFBs offer advantages of increased gas-solid
contact, increased heat and mass transfer as a result of large slip velocities [23]–[25],
temperature uniformity [26], and limited gas bypassing [27]. RFBs also offer the potential for
short, controlled gas phase residence times [22] approximately 1-2 orders of magnitude smaller
than conventional fluidized beds [24]. A resulting order of magnitude increase in external mass
transfer coefficient [28] provides substantial opportunities for process intensification as indicated
by the process intensification factor, or ratio of the mass fraction of product produced per reactor
volume for the RFB to the mass fraction of product produced per reactor volume for the
conventional reactor. Rotating fluidized beds are anticipated to achieve process intensification
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factors of 7-16 for catalytic cracking [9] and possibly up to 70 if increased temperatures and/or
more reactive catalysts are used [24]. For drying processes, intensification of an order of
magnitude [12] is expected, and for SO2/NOx adsorption Ashcraft determined a process
intensification of approximately 100-120 times the riser efficiency per unit reactor volume [28].
In spite of these advantages, rotating fluidized beds are not yet widely employed in
industrial applications. Mechanical rotating fluidized beds rely on a motor to rotate the device,
which introduces challenges with sealing and vibrations [21], [22], [29]. In contrast, a rotating
fluidized bed in static geometry, sometimes called a gas-solid vortex unit, overcomes these
challenges [9] by using angled gas inlets to introduce rotational motion of the particles without
use of a motor. Even rotating fluidized beds in static geometry are not yet used in industrial
processes because the fluid dynamics of the reactors are not yet fully understood so there are not
yet fundamental fluidization models to guide RFB design [21], [22], [30], [31].
This work investigates the impact of various design parameters on the behavior of small
diameter rotating fluidized beds in static geometry via computational fluid dynamics (CFD)
simulations. Simulations were performed to elucidate the relationship of RFB design parameters
on inlet pressure requirements and idealized fluidization quality; performance indicators are
discussed followed by simulation settings. Simulation results for design and operation
parameters comprising particle size, particle density, outer diameter, solids loading, height,
number of inlet slots, inlet slot width, angle of inlet slots, chimney diameter, chimney number of
slots, chimney slot width, chimney slot angle, and chimney orientation are presented with a
discussion of the impact of these design parameters on the device performance.
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Methods
RFB Performance Indicators
Since many of the advantages of RFBs rely on good contact between the gas and solid
phases, a uniform distribution of particles throughout the device should result in improved
performance. Uniform, rather than bubbling, fluidization results in improved heat and mass
transfer [1]. Therefore reduction in bubble formation is vital for maintaining gas-solid contact
[16]. Bubble formation is related to slugging, which occurs when particles group together and
rotate as slugs with substantial gas bypassing [29]. When slugging occurs, gas may preferentially
enter inlets facing less resistance of particles, in contrast, channeling results when gas
preferentially enters the inlets at certain longitudinal positions [29]. Both channeling and
slugging impair performance of rotating fluidized beds.
In order to evaluate the impact of the simulated design parameters on the performance of
the device, a “fluidization quality” metric was developed. Since more uniform distribution of
particles should result in improved performance, ideal fluidization was considered to occur when
the particles were most evenly distributed over the available volume, as described in Equation
12, in which the volume of the RFB includes only the volume which particles may occupy, and
volume of the particles does not include void spaces between the particles.

𝑖𝑑𝑒𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 =

𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑅𝐹𝐵

The volume of the RFB could be modified to apply to dense rotating fluidized beds by
considering only the volume of the particle bed.

(12)
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A single value for “fluidization quality” (FQ) was calculated by averaging the absolute
value of the difference between the actual volume fraction and the ideal volume fraction over the
volume of the RFB, as described in Equation 13.

𝐹𝑄 =

∑𝑅𝐹𝐵 𝑐𝑒𝑙𝑙𝑠|𝑣𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 − 𝑖𝑑𝑒𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 | ∗ 𝑐𝑒𝑙𝑙 𝑣𝑜𝑙𝑢𝑚𝑒
𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑅𝐹𝐵

(13)

Since “fluidization quality” is based on the difference between the actual volume fraction
of particles and an ideal volume fraction of particles, a lower value for “fluidization quality”
indicates better fluidization.
In addition to fluidization quality, pressure drop across the device is another important
indicator of device performance. The design of the RFB should ideally minimize pressure drop
across the device to reduce energy requirements. The pressure drop of the device was determined
as the inlet pressure less the outlet pressure. Thus, the two indicators of RFB performance
employed in this work are pressure drop and fluidization quality.

Simulation Settings
Simulations were conducted using ANSYS Fluent 18.0. An Eulerian-Eulerian approach
was applied to model the interactions between the gas and solid particles. The particles were
treated as a separate, interpenetrating continuous phase. The realizable k-epsilon turbulence
model was applied.
In efforts to utilize process intensification fundamentals, the studied RFB geometry was
smaller than previous applications or investigations; initial RFB parameters are shown in Table
3. The simulations used air as the fluidizing gas with a specified inlet velocity. A constant
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pressure boundary condition of one bar was applied to the outlet. A porous media, with no
resistance to the gas phase and high resistance to the particles, was specified to correspond to a
screen around the chimney preventing particles from leaving the reactor. The design considered
in this work incorporated a mesh screen at the outlet to contain the particles, in contrast to many
of the rotating fluidized beds described in the literature which allow the particles to flow out of
the chimney [22], [31]. For designs without a screen on the chimney, particle entrainment can be
a significant issue, however incorporating a screen may result in increased pressure drop and a
degradation in fluidization if the particles clog the screen [26]. ‘No-slip’ boundary conditions
were specified at the walls for the gas and ‘free-slip’ conditions were specified for the particles.
Fluid flow was treated as incompressible since the Mach number was below 0.3 [32].
Convergence of the continuity equation was confirmed by monitoring the integral of mass
balance over the computational domain. Convergence criteria less than 1e-3 was specified for all
other residuals. Inlet pressure was monitored in order to confirm steady state conditions had been
achieved (the simulations were considered to have reached steady state once the inlet pressure
was constant).

Table 3. Initial RFB simulation inputs.

Outer diameter [cm]
Inner diameter [cm]
Height [cm]
Width of each inlet [cm]
Number of tangential inlets
Particle diameter [μm]
Initial depth of particles (cm)
Particle density (kg/ m3)
Constant gas inlet flow rate (Nm3/hr)

5
2
2.5
0.25
8
60
2
794
8.5
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Table 4. Impact of mesh and time step size as well as simulation order.
Mesh size, thousand cells (5e-5 second
time step)
66
109
220
Time step [second] (109,350 cell mesh)
0.0000125
0.000025
0.00005
2nd order (109,350 cell mesh, 5e-5 time
step)

Inlet pressure
[Pa]
272935
258732
250044

Fluidization Quality
[-]
0.09432
0.1075
0.1077

257008
256732
258732
260524

0.1054
0.1062
0.1075
0.1194

Preliminary simulations were initialized with particles in the chimney outlets, as if the screen
were placed inside of the chimney, however lower pressure drop may be achieved with the
screen placed on the outside of the chimney preventing particles from accumulating in the
chimney outlets. Later simulations assumed a screen on the outside of the chimney; these initial
simulations were used to investigate the impact of mesh and time step size as shown in Table 4.
The second-order simulation reported in Table 4 employed the following discretization schemes:
least squares cell-based for gradient, quick for volume fraction and momentum, and second order
upwind for turbulent kinetic energy and turbulent dissipation rate. The transient formulation was
second order implicit. In order to reduce computational expense, first order discretization, a 2.5e5 second time step, and the settings applied to create the 109,350 cell mesh shown in Figure 17,
were applied in all subsequent simulations. Adjusting initialization of the particles to account for
the position of the screen resulted in the inlet pressure and fluidization quality shown in Figure
18.
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Figure 17. 109,350 cell mesh representative of mesh sizing applied through this work.

Figure 18. Calculated absolute inlet pressure and fluidization quality for the initial small scale
RFB design.

Continuity
For the Eulerian –Eulerian model without a mass source or mass transfer between the phases, the
continuity equation for phase p is shown in Equation 14[33].

39

𝜕
(𝛼 𝜌 ) + ∇ ∙ (𝛼𝑝 𝜌𝑝 𝑉̅𝑝 ) = 0
𝜕𝑡 𝑝 𝑝

(14)

Where αp is the volume fraction of phase p, ρ is the density of phase p and 𝑉̅𝑝 is the velocity.

Conservation of Momentum
The momentum equation for phase q is shown as Equation 15. [33]. Here, P is pressure
and g is gravitational acceleration. 𝑅̅𝑝𝑞 represents the interaction force between phases, and the
other components in the third term on the right side account for mass transfer between phases.
The components in the fifth term on the right side represent the external body force, lift force,
wall lubrication force, virtual mass force, and turbulent dispersion force, respectively. The
symbol ̿̿̿
𝜏𝑞 describes the stress of phase q in Equation 16. [33]. Here, 𝜇𝑞 is the shear viscosity of
phase q, and 𝜆𝑞 is the bulk viscosity of phase q.
For the solid phase, the gradient of solids pressure is also subtracted from the right side of
the momentum equation. The solids pressure (𝑝𝑠 ) is calculated via Equation 17. The granular
temperature (𝜃𝑠 ) is proportional to the kinetic energy of the random motion of the particles. The
coefficient of restitution (𝑒𝑠𝑠 ) for particle collisions is 0.9. The radial distribution function (𝑔0,𝑠𝑠 )
determines whether or not the particles can be moved closer together, which allows a maximum
volume fraction or packing limit to be set. For the simulations discussed in this report the solids
pressure and radial distribution were determined based on Lun et al. [33]. Granular (solids) bulk
viscosity (𝜆𝑠 ), which describes the expansion and compression of the particles, was also
determined based on Lun et al. as Equation 18 [33]. The solids shear viscosity (µs) is the sum of
the collisional, kinetic, and frictional components. The collisional component was determined
based on kinetic theory (frictional pressure based KTGF). The kinetic component of the granular
viscosity was calculated based on the Syamlal and O'Brien relationship shown in Equation 19
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[33]. The frictional viscosity, shown in Equation 20, was calculated based on the equation
developed by Schaffer [33]. Here, ∅ is the angle of internal friction which was set to 30 degrees
[22], and 𝐼2𝐷 is the second invariant of the deviatoric stress tensor.
𝜕
(𝛼 𝜌 𝑉̅ ) + ∇ ∙ (𝛼𝑞 𝜌𝑞 𝑉̅𝑞 )
𝜕𝑡 𝑞 𝑞 𝑞
= −𝛼𝑞 ∇𝑃 + ∇ ∙ ̿̿̿
𝜏𝑞 + 𝛼𝑞 𝜌𝑞 𝑔̅
𝑛

+∑

(15)

(𝑅̅𝑝𝑞 + 𝑚̇𝑝𝑞 𝑉̅𝑞𝑝 − 𝑚̇𝑞𝑝 𝑉̅𝑞𝑝 ) + [𝐹̅𝑞 + 𝐹̅𝑙,𝑞 + 𝐹̅𝑤𝑙,𝑞 + 𝐹̅𝑣𝑚,𝑞 + 𝐹̅𝑡𝑑,𝑞 ]

𝜌=1

2
𝜏̿𝑞 = 𝛼𝑞 𝜇𝑞 (∇𝑉̅𝑞 + ∇𝑉̅𝑞𝑇 ) + 𝛼𝑞 (𝜆𝑞 − 𝜇𝑞 )∇ ∙ 𝑉̅𝑞 𝐼 ̿
3

(16)

𝑝𝑠 = 𝛼𝑠 𝜌𝑠 𝜃𝑠 + 2𝜌𝑠 (1 + 𝑒𝑠𝑠 )𝛼𝑠2 𝑔0,𝑠𝑠 𝜃𝑠

(17)

4
𝜃𝑠
𝜆𝑠 = 𝛼𝑠2 𝜌𝑠 𝑑𝑠 𝑔0,𝑠𝑠 (1 + 𝑒𝑠𝑠 )( )0.5
3
𝜋

(18)

𝛼𝑠 𝑑𝑠 𝜌𝑠 √𝜃𝑠 𝜋
2
[1 + (1 + 𝑒𝑠𝑠 )(3𝑒𝑠𝑠 − 1)𝛼𝑠 𝑔0,𝑠𝑠 ]
6(3 − 𝑒𝑠𝑠 )
5

(19)

𝜇𝑠,𝑘𝑖𝑛𝑒𝑡𝑖𝑐 =

𝜇𝑠,𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛𝑎𝑙 =

𝜌𝑠 𝑠𝑖𝑛∅
2√𝐼2𝐷

(20)

In this work, the impact of particle size, particle density, solids loading (i.e. inverse void
fraction), number of inlet slots, outer diameter, height, inlet slot width, angle of inlet slots, inner
diameter, chimney number of slots, chimney slot width, chimney slot angle, and orientation of
the chimney relative to the inlets were investigated using CFD simulations. Figure 19 depicts
these selected design parameters.
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Figure 19. Schematic of selected design parameters for standard RFB geometry; (A) top view
and (B) isometric view.
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Results

Figure 20. Simulation results for volume fraction of particles and gas phase velocity streamlines
at 1 cm up from the bottom of the geometry.
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A number of different design parameters may influence the pressure drop and fluidization
quality of an RFB including particle density and diameter [1], [21], [22], height and diameter of
the fluidization chamber, and the design of the inlets and chimney [9], [22], [31]. For a given
mass flow rate, the inlet design impacts the gas injection velocity and thus the amount of energy
entering the chamber [9]. Particle motion is impacted by centrifugal force as well as radial drag
force. Initially the particles are stationary in the bottom of the device, then as the gas phase
enters the RFB, the particles may be picked up by the gas stream. The particles then experience
radially outwards centrifugal force based on the particle mass and velocity, as well as radially
inwards drag force. Collisions between particles also transfer momentum. The gas phase flows
through the RFB preferentially seeking paths with lower resistance. All of these complex
interactions influence particle fluidization and pressure drop.
Design parameters were altered individually while holding all other parameters constant
for simulation; a minimum of three levels per factor were simulated. A total of 36 simulations
were conducted; steady state fluidization quality and calculated inlet RFB pressure were
recorded. Table 5 summarizes these simulation conditions and results. Figure 20 indicates the
simulation results for volume fraction of particles and gas phase velocity streamlines at 1 cm up
from the bottom of the device. For the investigated conditions, the gas phase velocity streamlines
indicate flow from the inlets to the outlets, often with low velocity through regions of high
particle volume fraction, indicating the gas phase preferentially flows through regions with lower
resistance (fewer particles to flow through). The distribution of particles is impacted by the
balance of centrifugal and drag force, as well as collisions between particles. In the case of 15
and 30 degree inlets, it seems the gas phase finds a path from the inlet to the outlet without
inducing particle rotation around the chimney. Chimney orientation and outer diameter of the
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RFB also impact the path of the gas phase from the inlets to the chimney outlets. Increasing
solids loading likely impacts the frequency of collisions between particles. Particle diameter
impacts the centrifugal force and drag force, while particle density also impacts the centrifugal
force as well as particle momentum.
The influence of the design parameters on the motion of particles within the RFB, as well
as the pressure drop of the device, is quite complex and not yet well understood, thus definitive
guidelines for RFB design have not yet been established. Kochetov et al. [34] experimentally
determined guidelines for RFB design, recommending that the ratio of chimney diameter to
chamber diameter be 0.3 to 0.5, the ratio of chamber length to chamber diameter be 0.2 to 0.5,
and the ratio of total inlet slot width to chamber diameter be 0.05 to 0.2. However, Trujillo and
De Wilde found that these ranges did not apply for fine powders [9], [12]. The simulations
conducted in this work indicate the impact of the investigated design parameters on the pressure
drop and fluidization quality metric. Results for each design parameter are presented in the
following sections.
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Table 5. Summary of simulated RFB conditions and resulting inlet pressure [Pa] and fluidization quality.

Simulation

Height

OD

Chimney
diameter

Particle
diameter

Particle
density

Inlet
slots

Inlet
slot
width

Inlet
slot
angle

Chimney
slots

Chimney
slot width

Chimney
angle

Chimney
orientation

Solids
fraction

Inlet
Velocity

(S)

[cm]

[cm]

[cm]

[μm]

[kg/m3]

[-]

[mm]

[deg.]

[-]

[mm]

[deg.]

[deg.]

[%]

[m/s]

1

2.5

5

2

60

794

8

2.5

0

8

1.9

27.7

0

50

4.7

[Pa]
(abs)
192404

2

2.5

5

2

40

794

8

2.5

0

8

1.9

27.7

0

50

4.7

274521

0.128

3

2.5

5

2

80

794

8

2.5

0

8

1.9

27.7

0

50

4.7

159268

0.127

4

2.5

5

2

60

500

8

2.5

0

8

1.9

27.7

0

50

4.7

185579

0.121

5

2.5

5

2

60

1000

8

2.5

0

8

1.9

27.7

0

50

4.7

193508

0.124

6

2.5

5

2

60

794

4

2.5

0

8

1.9

27.7

0

50

9.4

211296

0.125

7

2.5

5

2

60

794

4

2.5

0

8

1.9

27.7

0

50

4.7

135675

0.180

8

2.5

5

2

60

794

16

2.5

0

8

1.9

27.7

0

50

2.4

193301

0.130

9

2.5

5

2

60

794

8

1.25

0

8

1.9

27.7

0

50

4.7

129614

0.114

10

2.5

5

2

60

794

8

1.25

0

8

1.9

27.7

0

50

9.4

174478

0.105

11

2.5

5

2

60

794

8

3.5

0

8

1.9

27.7

0

50

4.7

251079

0.133

12

2.5

5

2

60

794

8

3.5

0

8

1.9

27.7

0

50

3.4

196472

0.122

13

2.5

5

2

60

794

8

2.5

15

8

1.9

27.7

0

50

4.7

307546

0.206

14

2.5

5

2

60

794

8

2.5

30

8

1.9

27.7

0

50

4.7

308443

0.205

15

2.5

5

2

60

794

8

2.5

0

2

1.9

27.7

0

50

4.7

461782

0.110

16

2.5

5

2

60

794

8

2.5

0

4

1.9

27.7

0

50

4.7

311821

0.115

17

2.5

5

2

60

794

8

2.5

0

8

1.0

27.7

0

50

4.7

333815

0.117

18

2.5

5

2

60

794

8

2.5

0

8

3.0

27.7

0

50

4.7

150278

0.119

19

2.5

5

2

60

794

8

2.5

0

8

1.9

15.0

0

50

4.7

198748

0.127

20

2.5

5

2

60

794

8

2.5

0

8

1.9

40.0

0

50

4.7

215709

0.132

21

2.5

5

1.5

60

794

8

2.5

0

8

1.9

27.7

0

50

4.7

190819

0.128

22

2.5

5

2.5

60

794

8

2.5

0

8

1.9

27.7

0

50

4.7

159496

0.131

23

2.5

5

2

60

794

8

2.5

0

8

1.9

27.7

0

25

4.7

119272

0.135

24

2.5

5

2

60

794

8

2.5

0

8

1.9

27.7

0

32

4.7

129283

0.208

25

2.5

5

2

60

794

8

2.5

0

8

1.9

27.7

0

38

4.7

146872

0.165

26

2.5

4

2

60

794

8

2.5

0

8

1.9

27.7

0

50

4.7

189164

0.147

27

2.5

6

2

60

794

8

2.5

0

8

1.9

27.7

0

50

4.7

207642

0.128

28

2.5

5

2

60

794

8

2.5

0

8

1.9

27.7

15

50

4.7

198748

0.122

Inlet
Pressure

Fluidization
Quality
[-]
0.125
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Table 5. Summary of simulated RFB conditions and resulting inlet pressure [Pa] and fluidization quality continued
29

2.5

5

2

60

794

8

2.5

0

8

1.9

27.7

30

50

4.7

202402

0.115

30

2.5

5

2

60

794

4

0.25

0

8

1.9

27.7

0

50

47.2

129242

0.103

31

2.5

5

2

60

794

4

0.25

0

2

3.0

27.7

30

50

47.2

179787

0.116

32

1.25

5

2

60

794

8

2.5

0

8

1.9

27.7

0

32

4.7

133372

0.156

33

1.25

5

2

60

794

8

2.5

0

8

1.9

27.7

0

32

9.4

181649

0.152

34

5

5

2

60

794

8

2.5

0

8

1.9

27.7

0

32

2.4

115025

0.159

35

5

5

2

60

794

8

2.5

0

8

1.9

27.7

0

32

4.7

135323

0.154

36

2.5

5

2

60

794

8

2.5

0

cylinder

1.9

27.7

0

50

4.7

125691

0.125
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Particle size
Dutta et al. [22] found that the square root of particle size and the particle velocity were
inversely proportional. Kovacevic et al. [21], [35] reported that the drag force is inversely
proportional to particle diameter, and that the centrifugal force depends on solids mass and the
tangential solids velocity, which decreases with increasing particle diameter. Eliaers and De
Wilde [12] determined that generally smaller particles require smaller inlet slots to fluidize.
The simulation results indicated similar fluidization quality for the particle diameters shown in
Figure 21, with 60 micron diameter particles exhibiting slightly better fluidization quality than
40 or 80 micron diameter particles. Kovacevic, et al. [35] also reported that bubbling decreases
with increasing particle diameter, so 80 micron diameter particles might be expected to display
better fluidization quality than 60 micron diameter particles, however it is possible that some
other mechanism aside from bubbling accounts for the slightly better fluidization of the 60
micron diameter particles. Pressure drop increases with decreasing particle size.
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Figure 21. Simulation results for steady state volume fraction of particles for 40 micron (top, S2),
60 micron (middle, S1), and 80 micron (bottom, S3) particle diameter. See Table 5 for RFB
geometry and conditions corresponding to S1, S2, and S3.

Particle density
Kovacevic et al. [21] found that for the RFBs they studied the bed stability decreased
with increasing solids density, but that fluidization could be improved by increasing inlet
velocity. Bubbling was reported to decrease with increasing density [35]. Simulation results for
the small scale RFB in the present work are shown in Figure 22. For the conditions considered,
lower density resulted in slightly lower pressure drop and improved fluidization quality.
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Figure 22. Simulation results for steady state volume fraction of particles for density 500 kg/m3
(top, S4), 794 kg/m3 (middle, S1) and 1000 kg/m3 (bottom, S5). See Table 5 for RFB geometry
and conditions corresponding to S1, S4, and S5.

Outer diameter
The diameter of the RFB impacts the centrifugal force by influencing the radius at which
the particles rotate around the center axis of the device. Dutta et al. [22] described an average
relative centrifugal force based on the radius of the fluidization chamber. The designs
investigated in this work are unique because of the small reactor diameters selected. Other RFB
diameters reported in the literature range from 0.15 to 0.68 m [12], [19], [21]–[24], [31], [36],
[37] while this work considers diameters from 0.04 to 0.06 m. The small size of the reactor
would be ideal for applications for which limited space is available. Figure 23 shows the
simulation results for volume fraction of particles for 4, 5, and 6 cm diameter RFBs. For the
simulated conditions, a 5 cm diameter yields the best fluidization quality.
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Figure 20. Simulation results for steady state volume fraction of particles for outer diameter 4 cm
(top, S26), 5cm (middle, S1), 6cm (bottom, S27). See Table 5 for RFB geometry and conditions
corresponding to S1, S26, and S27.

Solids loading
It is important to note that solids loading, as reported in Table 5, assumes a resting
interparticle void fraction of 0.63. For example, a 2.5 cm high reactor has a solid loading of 0.5
given the solids fill 2 cm of reactor height (0.63⸱2 cm/2.5 cm = 0.50). Multiple researchers have
found that there is a minimum solids loading at which a stable bed is formed. De Wilde et al.
[29] found that as the particle load increased, first channeling, then slugging occurred before a
stable bed was formed. As the loading increases, the momentum entering with the inlet gas
stream is imparted to more particles, resulting in lower tangential solids velocity, increasing the
centrifugal force, while the radial velocity and drag force remain nearly constant [21]. Increasing
the solids loading widens the range between the surface velocity, at which the bed first begins to
fluidize, and the critical velocity, at which the entire bed is fluidized [23]. Simulations on the
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small scale RFB also exhibited the best fluidization quality with the largest solids loadings as
shown in Table 5 and Figure 24.

Figure 24. Simulation results for steady state volume fraction of particles for 25% (top, S23),
32% (2nd from top, S24), 38% (3rd from top, S25), and 50% (bottom, S1) particle loading. See
Table 5 for RFB geometry and conditions corresponding to S1, S23, S24 and S5.

Height
Increasing the height of the RFB results in a lower inlet velocity for the same slot width
and inlet flow rate as a result of the increased inlet area. However, even if the inlet velocity is
held constant the height of the RFB appears to have an impact on the fluidization quality as
shown in Figure 25 and Table 5.
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Figure 25. Simulation results for steady state volume fraction of particles for a 1.25 cm height
with 0.625cm of particles [(top, constant flow rate left (S33), constant velocity right (S32)], 2.5
cm height with 1.25cm of particles (middle, S24), and 5cm height with 2.5 cm of particles
[bottom constant flow rate left (S34), constant velocity right (S35)]. See Table 5 for RFB
geometry and conditions corresponding to S24, S32, S33, S34, and S35.

Inlet slot number
Reducing the number of inlet slots, with the same inlet volumetric flow rate, increases the
inlet velocity. Increased inlet velocity may increase slip velocity, improving heat and mass
transfer [37]. A small slot width may be advantageous for obtaining large tangential velocities of
the particles and resulting centrifugal force; these high velocities induce large forces many times
that of gravity, or ‘high-g’ forces [22], [35], [37]. For “high-g” operation, the RFB can operate
over a range of inlet flow rates, since the flow rate impacts both the drag and centrifugal force in
a similar way [24]. Kovacevic et al. [21] found that increased inlet velocity could overcome bed
instabilities. Increasing the inlet velocity also results in increased pressure drop, however
increased pressure drop over the inlet slots may improve fluidization and may have a positive
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impact on the flow distribution of the fluidizing gas over the inlet slots [22]. Increased velocity
also results in increased turbulence, which may improve bed uniformity and momentum transfer
despite increasing energy losses [22]. Reducing the number of slots to increase the centrifugal
force may have a detrimental impact on bed uniformity [31]. Simulation results for the small
scale RFB with 4, 8, and 16 inlet slots are shown in Figure 26. For a constant inlet flow rate,
fluidization quality improved with decreasing number of slots, most likely as a result of
increased inlet velocity. Comparing the 4 inlet and 8 inlet designs with the same inlet velocity,
the 4 inlet design has worse fluidization quality.

Figure 26. Simulation results for steady state volume fraction of particles 4 (top, S6), 8 (middle,
S1), and 16 (bottom, S8) inlet slots with constant inlet flow rate. Also 4 inlet slots with constant
inlet velocity (top right, S7). See Table 5 for RFB geometry and conditions corresponding to S1,
S6, S7, and S8.

Inlet slot width
Decreasing the inlet slot width for the same inlet flow rate results in increased inlet
velocity and more uniform fluidization. Slugging may occur if the inlet width is similar to the
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particle diameter [37]. Trujillo and De Wilde found that slots smaller than the particles resulted
in a degradation of fluidization by causing the particles to rotate around their center of gravity. In
addition, for high inlet velocities, the transfer of tangential momentum to beds of fine particles
occurs at a certain distance away from the inlets following expansion of the gas [31]. Simulation
results for the small scale RFB with different slot widths are shown in Figure 27. For a constant
inlet flow rate, smaller slot width resulted in improved fluidization. The best fluidization was
achieved with 4 inlets, each 0.25 mm wide. Without particles, smaller slot width (increasing
velocity) is expected to result in a higher pressure drop, however the simulations indicate
increasing pressure drop with increasing slot width (Table 5), suggesting that larger slot widths
result in distributions of particles that result in higher pressure drops.

Figure 27. Simulation results for steady state volume fraction of particles for inlet slot width
1.25mm [top, left constant inlet flow rate (S10), right constant inlet velocity (S9)], 2.5mm initial
design (middle left, S1), and 3.5mm [bottom, left constant inlet flow rate (S12), right constant
inlet velocity (S11). See Table 5 for RFB geometry and conditions corresponding to S1, S9, S10,
S11, and S12.
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Simulation results for varying inlet angle indicate improved fluidization and decreased
pressure drop for tangential inlets as shown in Figure 28. For 15 and 30 degree inlet angles,
particles did not immediately penetrate the inlet streams resulting in formation of pockets of low
volume fraction near the inlets, and more concentrated distributions of particles elsewhere,
resulting in higher pressure drops.

Figure 28. Simulation results for steady state volume fraction of particles for tangential inlets
(top, S1), 15 degree inlets (middle, S13), and 30 degree inlets (bottom, S14). See Table 5 for
RFB geometry and conditions corresponding to S1, S13, and S14.

Chimney diameter
Chimney design impacts the vortex that forms inside the RFB. The chimney is sometimes
referred to as a vortex finder [16], since the presence of a chimney forces the gas to flow radially
though the bed influencing the radial drag force on the particles [22]. The strength of the vortex
can be increased by decreasing the chimney diameter, however decreasing chimney diameter
also results in increased pressure drop [31] as a result of decreased area through which the gas
flows. The simulation results for the small scale RFB, shown in Figure 29, indicate low pressure
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drop, but worst fluidization quality for the largest diameter chimney. The 2 cm diameter
chimney, however, exhibited slightly better fluidization quality than the 1.5 cm case.

Figure 29. Simulation results for steady state volume fraction of particles for chimney diameter
1.5cm (top, S21), 2 cm (middle, S1), and 2.5 cm (bottom, S22). See Table 5 for RFB geometry
and conditions corresponding to S1, S21, and S22.

Chimney slot number
Smaller chimney slots result in increased turbulence and loss of kinetic energy [22]. In
addition to influencing the pressure drop by changing the area through which the gas flows, the
design of the chimney slots impacts fluidization quality. Trujillo and De Wilde [31] found that
the size and position of chimney slots impacts the strength of the central vortex and is
particularly important for fluidizing fine particles. Simulation results indicate pressure drop
increases as the area of the outlet slots decrease. In addition, the case with 2 outlet slots exhibited
the best fluidization quality. These results are shown in Figure 30.
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Figure 30. Simulation results for steady state volume fraction of particles for a cylindrical
chimney (top, S36), 2 outlets (2nd from top, S15), 4 outlets (S 16), and 8 outlets (bottom, S1).
See Table 5 for RFB geometry and conditions corresponding to S1, S15, S16, and S36.

Chimney slot width
Reducing the chimney slot width also increases pressure drop by reducing the area
through which the gas flows. Simulation results shown in Figure 31 and Table 5 indicate the best
fluidization quality is achieved with 1.0 mm chimney slots, but the pressure can be reduced by a
factor of 4 for the 3 mm outlet slots.

Figure 31. Simulation results for steady state volume fraction of particles for chimney slot width
1mm (top, S17), 1.89mm (middle, S1), and 3mm (bottom, S18). See Table 5 for RFB geometry
and conditions corresponding to S1, S17, and S18.
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Chimney slot angle
The angle of the chimney slots relative to the tangent defining the chimney diameter also
impacts fluidization quality and pressure drop as shown in Figure 32. For the conditions
investigated, the best fluidization quality and lowest pressure drop were achieved with the
original configuration of chimney slots at a 27.66-degree angle.

Figure 32. Contours of volume fraction of particles for different chimney slot angles: 15 degrees
(top, S 19), 27.66 degrees (middle, S 1), and 40 degrees (bottom, S 20). See Table 5 for RFB
geometry and conditions corresponding to S1, S19, and S20.

Chimney orientation
The orientation of the chimney relative to the gas inlet slots also impacts the pressure
drop and fluidization quality as shown in Figure 33. The position of the chimney relative to the
gas inlet slots impacts the flow path of the gas through the particle bed thereby influencing the
vortex in the center of the device. These results suggest there is an optimal orientation for slotted
chimneys relative to the gas inlet slots.
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Figure 33. Impact of chimney orientation relative to the inlet slots on simulation results for
steady state volume fraction of particles for the initial design (0 degree rotation, top, S1), a 15
degree rotation of the chimney (middle, S28), and a 30 degree rotation of the chimney (bottom,
S29). See Table 5 for RFB geometry and conditions corresponding to S1, S28, and S29.

Discussion
Predictor and response screening methods allow the differences seen in Figure 21 through
Figure 33 to be quantified. Comparing individual parameters (e.g. particle properties, bed
geometry, chimney dimensions, etc.) against respective simulation results permits factor
contribution comparisons. While predictor screening is less quantitative, it offers a direct way to
rank contributions of factors to the simulated responses of inlet pressure or fluidization quality.
Table 6 displays the five most significant contributions to simulated inlet pressure and
fluidization quality based on predictor screening analysis; bolded factors are not mutually shared
between responses. JMP Pro v.13 software was used for all statistical analyses described herein.
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Table 6. Predictor screening-generated ranking of factor contributions of inlet pressure and
fluidization quality. Bolded factors are not mutually shared results.
Rank Inlet Pressure

Fluidization Quality

1

Solids loading

Solids loading

2

Chimney slot no

Inlet slot angle

3

Inlet slot width

Inlet slot width

4

Inlet slot no

Chimney slot number

5

Inlet slot angle

Chimney position

Since predictor screening can be weak when investigating single predictors, expanding to
a combination of 13 factors with two responses (e.g. pressure and fluidization quality) enables
the partitioning method to become stronger. Therefore, when all 13 factors are combined, those
in Table 6 are shown to have the greatest statistical contributions to pressure and fluidization. In
contrast, use of response screening methods allow for investigation of factors one at a time as a
means to predict the response; P-values are used to identify statistically meaningful factors.
Figure 34 shows these P-values per factor by inlet pressure and fluidization quality with boxed
statistically significant factors. Significant factors have a P-value less than 0.05. This means
that a factor having a P-value less than 0.05 will have a greater contribution to the response; this
contribution constitutes a larger portion of the average response across all factors. As with
predictor screening, solids loading and inlet slot angle are key factors as well as chimney slot
number.
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Figure 34. Response screening-generated P-values for simulated parameters.

Limitations of screening comparisons and descriptive statistics necessitates the use of
more rigorous multivariate methods. Principal component analysis (PCA) was performed in
addition to the screening methods to reveal any component-dependent correlations of inlet
pressure and fluidization quality. All factors were standardized as a means to present nonweighted data by subtracting the variable sample mean from the data variable and dividing by
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the sample standard deviation. This was necessary because of varying dimensions of factors, e.g.
degrees, cm, and μm. Figure 35 shows the loading plot from PCA with the x- and y-axes
representing the variance of inlet pressure and fluidization quality, respectively. The boxed
parameters in Figure 35 are those listed in Table 6 for easy comparison.

Figure 35. Principal component analysis (PCA) loading plot of variables/parameters and inlet
pressure and fluidization quality components.

Figure 35 not only shows the relative magnitude of important factors, but also the
directionality of those factors on the response. Chimney slot number, for example, shows that an
increase in the number of slots will have a decrease of inlet pressure required, thus reducing
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pressure drop through the bed, but also decreasing the quality of fluidization. Likewise, chimney
position is inversely proportional to inlet pressure and fluidization. Reducing fluidization quality
suggests less gas-solid contact during RFB operation. Conversely, inlet slot number, angle, and
width all have proportional, or near-proportional, impacts on the two responses. Solids loading
of the bed, however, has a strong proportional influence on the inlet pressure required for
operation. This makes sense from traditional fluidization theory [14] because there are more
particles in the bed, thus increasing bed height and pressure drop [38]. It is important to note that
the principal component analysis looks at individual factors and linear correlations.
Supplementary work, coupled with laboratory testing, is recommended to address the issue of
inter-dependence of factors. The influence of inlet versus outlet open area is another factor that
directs the motion of gases and particles, and could serve as a focal point in future work.

Conclusion
An Eulerian-Eulerian CFD approach was applied using ANSYS Fluent 18.0 to gain
insight to the factors influencing design of rotating fluidized beds in a static geometry. Designs
were evaluated based on pressure drop and fluidization quality defined as the difference between
actual and ideal distributions of particles. Of the tested design parameters, solids loading,
chimney position, and inlet slot width, angle, and number were found to impact device
performance more than all others. A sufficiently high solids loading had a positive effect on
fluidization quality, but resulted in increased pressure drop. Tangential inlets resulted in better
fluidization than inlets at a 15 or 30 degree angle. A sufficiently high inlet velocity (achieved by
reducing the slot width or number of slots) had a positive effect on fluidization quality.
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Further investigation of RFB design is required, including consideration of combinatorial design
parameters. A fundamental model to guide RFB design would allow for broader application of
the technology. In spite of these challenges, the designs investigated in this work indicate the
feasibility of developing a relatively small diameter rotating fluidized bed (4 to 6 cm) to operate
at low flow rates with manageable pressure drop and satisfactory fluidization quality.
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ABSTRACT
A rotating fluidized bed (RFB) in static geometry was designed to fit within a modified
internal combustion engine to form a small scale chemical reactor. Experiments and simulations
were conducted at ambient temperature, low-flow conditions to determine particle motion and
pressure drop across the particle bed. Simulations were also conducted at engine conditions using
ANSYS Fluent 18.0 and an Eulerian-Eulerian approach for the particle phase. At the investigated
conditions, the RFB exhibited particle fluidization with minimal gas bypassing. This initial work
indicates the potential to form a rotating fluidized bed within an internal combustion engine.

INTRODUCTION
Internal combustion engines are primarily designed to produce power for transportation,
electrical generation, and combined heat and power applications; however, they are also variable
volume reactors converting fuel into heat [1]. Use of an internal combustion engine as a chemical
reactor for other processes might provide multiple advantages. Engines offer a smaller, more
easily scalable alternative to industrial chemical plants, with reduced initial capital investments
and the ability to bring additional reactor engines online to meet increased demands for a
product. In addition, engines are readily available at a low cost compared to custom designed
reactors, and engines have already been engineered to withstand extreme temperatures and
pressures.
Conventionally, gas phase reactions occur within the engine, but for some chemical
processes, use of a solid phase catalyst would be advantageous. Options for incorporating a
catalyst in an internal combustion engine include adding a monolith, packed bed, or fluidized
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bed. Of these options, the fluidized bed offers superior gas-solid mixing resulting in improved
heat and mass transfer. Fluidized beds also enable higher reactor throughput for the same catalyst
surface area, as well as reduced pressure drop (lower work input) for the same throughput
compared to a packed bed [2].
The authors have previously shown that a conventional in-cylinder fluidized bed reactor
can only be developed within an internal combustion engine if the engine is regulated to a speed
well below the practical operating conditions of modern IC engines [3]. For high engine speeds,
the resulting high inlet velocities cause the upwards drag force on the particles to exceed the
downwards gravitational force, such that particles are carried out of the reactor, or if a screen is
incorporated at the outlet, the particles form a packed bed just below the screen (the gas velocity
induced by the engine pistons exceeds the maximum fluidization velocity such that elutriation
occurs).
To achieve fluidized behavior of particles within an engine, a larger force than gravity is
required to balance the substantial drag force resulting from relatively high inlet velocities.
Rotating fluidized beds (RFBs), such as the one diagramed in Figure 36, fluidize particles by
relying on centrifugal force to balance drag force, enabling high throughputs and process
intensification [4-6]. The resulting increased gas-solid contact and large slip velocities further
improve heat and mass transfer[6-8] as well as temperature uniformity [9] while reducing gas
bypassing [10]. The residence time of the gas phase within the RFB may be one to two orders of
magnitude smaller than in conventional fluidized beds [7]. The order of magnitude increase in
external mass transfer coefficient in RFBs [11] provides process intensification factors of 7-120
for catalytic cracking [7, 12], drying processes [13], and SO2/NOx adsorption [11].
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Figure 36. Diagram of a rotating fluidized bed in static geometry in which gas flows in through
angled inlet slots inducing particle rotation before flowing out of the chimney at the center of the
device.

This work focuses on the pressure drop and particle behavior of a RFB placed within an
internal combustion engine. Laboratory testing was conducted at lower temperatures and flow
rates than anticipated at engine conditions and compared with simulation results at the same
conditions. Simulations were also conducted to investigate the fluidization of particles at engine
conditions.

METHODS
Rotating Fluidized Bed Design
In order to use the RFB within an internal combustion engine, the head of the engine was
modified to accommodate the RFB design shown in Figure 37. A similar RFB design (Figure 38)
with improved optical accessibility was employed for the cold, low-flow laboratory testing. Both
designs consisted of three components: an outer housing, inner annulus with angled gas inlet
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slots, and chimney at the center of the design. Screens were incorporated around the chimney
and inner annulus to prevent particles from leaving the RFB. The design was selected based on
prior simulations and laboratory testing of RFB designs.

Figure 37. RFB design for engine application with section view (left) to fit inside the head of a
modified internal combustion engine (right).
While other research efforts have focused on utilizing engines as reactors for hydrogen
and syngas production [14]–[17], the application targeted in this work relies on catalyst particles
to convert ethane to ethylene through the following global reactions:
𝐶2𝐻6 → 𝐶2𝐻4 + 𝐻2
𝐻2 + 𝑀𝑒𝑥𝑂𝑦 → 𝐻2𝑂 + 𝑀𝑒𝑥𝑂𝑦−1

The catalyst particles will be placed within the RFB within a modified engine head. An
inlet rotary valve will alternate the flows of air and ethane from the engine cylinders into the
RFB. The catalyst particles will be reduced when in contact with ethane and oxidized when
exposed to air. For the pyrolysis reaction, high temperatures will be required. For the initial
testing of the RFB engine, the inlet stream will be preheated to achieve the necessary
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temperatures, however the oxidation reaction promoted by the catalyst is exothermic which may
reduce preheating requirements in future designs for steady operating conditions.

Simulations
ANSYS Fluent 18.0 was used to simulate the particle motion in the RFB. An EulerianEulerian approach, in which the particles are treated as a separate continuous phase, was applied
to model the interactions between the gas and solid particles. Turbulence was included with the
realizable k-epsilon model.
The Eulerian-Eulerian approach solves for the volume fraction of each phase (αp). The
continuity equation for phase p with density 𝜌𝑝 and velocity 𝑉̅𝑝 is then [18]:
𝜕
𝜕𝑡

(𝛼𝑝 𝜌𝑝 ) + ∇ ∙ (𝛼𝑝 𝜌𝑝 𝑉̅𝑝 ) = 0

(21)

in the absence of mass sources or mass transfer between the phases.
For the solid phase, a gradient of solids pressure (𝑝𝑠 ) is calculated based on the granular
temperature (𝜃𝑠 ), coefficient of restitution for particle collisions (𝑒𝑠𝑠 ) and radial distribution
function (𝑔0,𝑠𝑠 ) as [18]:
𝑝𝑠 = 𝛼𝑠 𝜌𝑠 𝜃𝑠 + 2𝜌𝑠 (1 + 𝑒𝑠𝑠 )𝛼𝑠2 𝑔0,𝑠𝑠 𝜃𝑠

(22)

The method of Lun et al [18] was applied to determine the solids pressure and radial distribution
function. The radial distribution function allows specification of a maximum volume fraction or
packing limit by determining whether the particles can be moved closer together. The granular
temperature is proportional to the kinetic energy of the random motion of the particles. The
coefficient of restitution for particle collisions was set as 0.9.
Lun et al [18] was also applied to determine the granular (solids) bulk viscosity (𝜆𝑠 ),
describing compression and expansion of the particles:
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4

𝜃

𝜆𝑠 = 3 𝛼𝑠2 𝜌𝑠 𝑑𝑠 𝑔0,𝑠𝑠 (1 + 𝑒𝑠𝑠 )( 𝜋𝑠 )0.5

(23)

The solids shear viscosity (µs) is given by the sum of collisional, kinetic, and frictional
components. Kinetic theory (frictional pressure based KTGF) was applied to determine the
collisional component of the solids shear viscosity. The Syamlal and O'Brien [18] relationship
was applied to determine the kinetic component of the granular viscosity:
𝜇𝑠,𝑘𝑖𝑛𝑒𝑡𝑖𝑐 =

𝛼𝑠 𝑑𝑠 𝜌𝑠 √𝜃𝑠 𝜋
6(3−𝑒𝑠𝑠 )

2

[1 + 5 (1 + 𝑒𝑠𝑠 )(3𝑒𝑠𝑠 − 1)𝛼𝑠 𝑔0,𝑠𝑠 ]

(24)

The equation developed by Schaffer [18] (in which ∅ is the angle of internal friction of
30 degrees and 𝐼2𝐷 is the second invariant of the deviatoric stress tensor) was used to calculate
the frictional component of the solids shear viscosity:
𝜇𝑠,𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛𝑎𝑙 =

𝜌𝑠 𝑠𝑖𝑛∅
2√𝐼2𝐷

(25)

The shear stress ̿̿̿
𝜏𝑞 depends on the shear and bulk viscosity as [18]:
2
𝜏̿𝑞 = 𝛼𝑞 𝜇𝑞 (∇𝑉̅𝑞 + ∇𝑉̅𝑞𝑇 ) + 𝛼𝑞 (𝜆𝑞 − 3 𝜇𝑞 )∇ ∙ 𝑉̅𝑞 𝐼 ̿

(26)

The momentum equation for phase q depends on pressure (p) and gravitational
acceleration (g), as well as interaction force between phases (𝑅̅𝑝𝑞 ), external body force (𝐹̅𝑞 ), lift
force (𝐹̅𝑙,𝑞 ), wall lubrication force (𝐹̅𝑤𝑙,𝑞 ), virtual mass force (𝐹̅𝑣𝑚,𝑞 ), and turbulent dispersion
force (𝐹̅𝑡𝑑,𝑞 ) [18]:
𝜕
(𝛼 𝜌 𝑉̅ ) + ∇ ∙ (𝛼𝑞 𝜌𝑞 𝑉̅𝑞 )
𝜕𝑡 𝑞 𝑞 𝑞
= −𝛼𝑞 ∇𝑝 + ∇ ∙ ̿̿̿
𝜏𝑞 + 𝛼𝑞 𝜌𝑞 𝑔̅

(27)

𝑛

+ ∑(𝑅̅𝑝𝑞 ) + [𝐹̅𝑞 + 𝐹̅𝑙,𝑞 + 𝐹̅𝑤𝑙,𝑞 + 𝐹̅𝑣𝑚,𝑞 + 𝐹̅𝑡𝑑,𝑞 ]
𝜌=1

For the solid phase, the gradient of solids pressure is also subtracted from the right side of the
momentum equation.
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The geometry, boundary conditions, and convergence criteria were selected to obtain
simulation results representative of the performance of the actual device. The mesh screen in the
experiments was treated as a porous zone with high resistance to particles, but no resistance to
the gas phase. A no-slip boundary condition for the gas and a free-slip boundary condition for
the particles was applied at the RFB walls. The integral of mass imbalance over the
computational domain was monitored to confirm convergence of the continuity equation (the
simulation results for mass of each phase were tracked over the RFB volume at each time step
and checked to ensure there was no discrepancy). Convergence criteria of less than 1E-3 were
specified for the other residuals.

Cold, Low-flow Simulations
For the initial simulations at low flow conditions, a constant inlet mass flow rate
boundary condition of 0.003 kg/s of air was applied. A constant zero gauge pressure boundary
condition was applied at the outlet. Simulations were initialized with 7.6 grams of 60-micron
diameter silica particles. For these initial simulations with Mach number less than 0.3 [19], the
flow was considered incompressible but a simulation was also conducted with density calculated
assuming ideal gas behavior for comparison with results of the incompressible simulations
(Figure 40).

Simulations at Engine Conditions
In contrast, simulations of the RFB at engine conditions incorporated the energy equation
and assumed ideal gas behavior for calculating the gas density. The inlet temperature was
specified as 1100 K, corresponding to the expected inlet temperature with preheating of the inlet
gas stream. The walls were assumed to be insulated with zero heat flux (Although insulation will
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be incorporated around the RFB in the engine application, there will be some heat transfer to the
surrounding engine head. The amount of heat transfer will depend on the amount and type of
insulation used, as well as the temperature of the engine head, which has not yet been
quantified). The inlet mass flow rate was determined based on engine dimensions and an engine
speed of 1800 RPM. Assuming 100% volumetric efficiency (that the amount of air or ethane
within the engine cylinders is equal to the theoretical amount, not accounting for restrictions
which might change the actual quantity), the induced inlet velocity (U) is related to engine speed,
N (RPM), and stroke length (L) as [20]:

𝑁=

60𝑈
2𝐿

(28)

The instantaneous piston velocity, assumed to be equal to the inlet gas velocity, is then given by
[1]:
𝑈𝑖 𝜋
𝑐𝑜𝑠𝜃
= sin 𝜃 [1 + 2
]
𝑈 2
(𝑅 − 𝑠𝑖𝑛2 𝜃)1/2

(29)

in which R is the ratio of connecting rod length to crank radius and 𝜃 is the crank angle. In the
intended application there is a valve placed directly downstream of the RFB. The outlet
boundary condition in the simulations was set as a wall, when the valve was closed. When the
valve was open, a constant 7 bar outlet pressure boundary condition was specified, as regulators
in the actual device will maintain the outlet pressure at 7 bar. Inlet gas streams alternated
between air and ethane as in the actual device.
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Experiments
Prior to running the simulations at engine conditions, RFB performance at room
temperature with a constant inlet flow rate was investigated. Laboratory testing was carried out
under cold, low flow rate conditions to validate the simulation results. The inlet annulus and
chimney of the selected RFB design were 3D printed in clear plastic. Size 400 mesh screens
were glued over the inlet and chimney slots. The chimney was then placed inside the inlet
annulus which was placed inside a clear acrylic tube with a 3D printed base (shown in red in
Figure 38).

Chimney
Inlet
Annulus

Top

Figure 38. 3D printed RFB design for cold, low flow rate testing.
The RFB was operated with 7.6 ± 0.22 grams of 40-63 micron diameter silica particles
manufactured by Alfa Aesar (CAS Number 7631-86-9) with a specified skeletal density of 2200
kg/m3. The particles were weighed with an Adam Equipment CBK16aH scale, then placed
between the inlet annulus and chimney components. A clear acrylic top was bolted down, and
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the RFB was placed in the apparatus diagramed in Figure 39.

Figure 39. Diagram of apparatus used to test the 3D printed RFB for comparison with the
simulation results.
A needle valve placed just upstream of the King Instruments 7510217A rotameter was
used to set the inlet flow rate. Pressure drop was calculated based on the readings of an Omega
PX309-030A5V pressure transducer placed at the RFB inlet. Lab view was used for data
acquisition. Compressed air passed through an Ashcroft pressure regulator and Parker oil
separator prior to entering the rotameter. Initially the upstream valve was turned on, the valve
before the rotameter was set to achieve the desired mass flow rate, and the upstream valve was
switched off. Data collection then began when the upstream valve was turned on again in order
to generate a plot of the pressure drop for a nearly constant inlet flow rate (before the particles
are picked up by the gas stream, the low pressure drop may result in higher inlet flow rates,
however once the pressure drop achieves steady state, the flow rate is as initially set). Pressure
drop measurements were also collected for the empty device and subtracted from the initial
pressure drop measurements for the device with 7.6 grams of particles, in order to plot the
pressure drop across the particle bed alone to compare with the simulation results.
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Results and Discussion
Cold, low flow rate testing
Simulation results for volume fraction of particles for 7.6 grams of 60 micron diameter
particles with a constant 0.003 kg/s flow rate of compressed air are shown in Figure 39 along
with corresponding experimental results for 7.6 grams of 40-63 micron diameter Alfa Aesar 60
silica gel particles placed within the 3D printed RFB. Figure 40 also indicates the impact of mesh
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and time step size on the simulation results.
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125K mesh, 2E-4 time step
73K mesh, 2E-4 time step, incompressible

simulation

73K mesh, 2E-4 time step

Figure 40. Experimental results for pressure drop with 7.6 grams of particles and a constant
0.003 kg/s inlet flow rate and simulation results with 73,000 nodes and 2E-4 second time steps
are compared (left). The impact of mesh and time step size on simulation results was also
investigated (right).
In both experiments and simulations, the particles rotated within the device, however a
slight accumulation of particles behind the inlet slots was apparent as shown in Figure 41.
Increasing the number of inlet slots might improve uniformity of the particle bed [21], however
for a given mass flow rate and inlet slot width, increasing the number of inlet slots also reduces
the inlet velocity, which may decrease slip velocity and thus heat and mass transfer [22], as well
as decreasing centrifugal force of the particles [5], [12], [23]. Lower velocity resulting from
decreased number of slots could also result in increased bed instabilities [23]. Thus, this design
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was selected despite the slight non-uniformity in the fluidization at low flow rates. Simulation
results for pressure drop across the bed at low temperature, low flow rate conditions seem to
agree with the experimental measurements (Figure 40).

Figure 41. Simulation results for volume fraction of 60 micron diameter particles at 0.5 seconds
(left) compared to an image of laboratory testing (right) for 7.6 grams of particles with a constant
0.003 kg/s inlet flow rate.

At engine conditions
Simulations were conducted at engine conditions to give an indication of RFB
performance in the intended application. The impact of mesh and time step size on inlet pressure
was investigated (Figure 42).
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Figure 42. Impact of mesh size for 5E-5 second time steps (left) and time step size for a 347,158
cell mesh (right) on inlet pressure simulated at engine conditions with 10 grams of 60 micron
diameter particles.

Initial simulations assumed a uniform particle diameter of 60 microns. For the conversion
of ethane to ethylene, as for many other chemical processes, a smaller particle size is
advantageous since smaller particle size results in increased particle surface area. However,
smaller particles may be more difficult to fluidize, requiring narrower inlet slots [13] and may
result in larger pressure drops.
A 10 gram particle loading was specified as expected in the intended application. Solids
loading may impact the particle motion within the RFB [24]. As the solids loading is increased
fluidization may improve [25], however increasing the number of particles may also influence
the pressure drop across the bed.
The simulation results for volume fraction for 10 grams of 60 micron diameter particles
are shown in Figure 43. The particles appear to rotate within the RFB between the inlet and
outlet screens. Slightly lower concentrations occur directly in front of the inlet slots as well as
around the chimney. The distribution of particles in the RFB does not appear to vary
substantially with variations in inlet flow rate or outlet boundary conditions, with motion of the
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engine pistons or action of the valves. Other researchers have noted that at high enough inlet
velocities, changing flow rate has a similar impact on both drag and centrifugal force, allowing
rotating fluidized beds to operate over a wide range of inlet flow rates [7].

Figure 43. Volume fraction of 60 micron diameter particles at 0.14 seconds (72 degrees, left),
0.15 seconds (180 degrees, middle) and 0.155 seconds (234 degrees, right) for a 347,158 cell
mesh and 1E-4 second time step.

CONCLUSION
A rotating fluidized bed in static geometry was designed to fit within the head of an
internal combustion engine to convert ethane into ethylene. Experiments were carried out at low
temperature and constant low flow rate to better understand the particle motion within the RFB
and pressure drop across the particle bed at laboratory conditions. An Eulerian-Eulerian
approach was used to simulate the selected design using ANSYS Fluent 18.0. Simulations and
laboratory testing indicated similar particle motion and pressure drop at cold, low flow
conditions. Simulations at engine conditions indicated particle motion throughout the engine
cycle, with a nearly uniform particle distribution throughout the particle bed and good gas solid
contact, with minimal gas bypassing. The selected RFB design shows promise for use in a
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reactor engine, but additional testing and simulation of the chemical processes is required to
quantify the ethylene production of the RFB reactor engine.
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CHAPTER 5
Work conducted on an ethylene producing reactor engine is described in this thesis. A
reactor engine offers a smaller, scalable alternative to conventional full scale chemical
processing facilities. Use of an internal combustion engine offers multiple advantages and
incorporating a fluidized bed for catalyst or oxygen carrying particles is expected to offer
superior performance compared to packed beds or monoliths. However, a conventional fluidized
bed can only be generated at engine speeds well below a useful engine speed from a throughput
perspective.
A rotating fluidized bed (RFB) in static geometry allows for larger inlet flow rates and
might be incorporated into an engine. However, the fundamental fluid dynamics of RFBs are not
well understood and many design parameters impact RFB performance including particle size,
particle density, outer diameter, solids loading, height, number of inlet slots, inlet slot width,
angle of inlet slots, chimney diameter, chimney number of slots, chimney slot width, chimney
slot angle, and position of the chimney relative to the inlets.
Simulations of an intermediate RFB design selected to fit inside the engine head showed
agreement with experimental results at cold, low flow conditions, and predicted fluidization at
engine conditions. Unfortunately, the intermediate design selected was modified slightly because
of experimental constraints. To withstand the extreme temperatures and pressures expected
within the engine, Inconel 625 screens were required. Size 400 Inconel screens are not readily
available, so size 200 screens were planned to be used instead. Thermal expansion and pressure
drop concerns resulted in the selection of a larger inlet slot width. The final selected design had a
particle diameter of 100 microns (rather than 60 microns in the intermediate design) and an inlet
slot width of 1 mm (rather than 0.25mm in the intermediate design). Initial chemistry simulations
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of the selected final RFB design were conducted using ANSYS Fluent 18.2 with the chemical
reactions shown in Table 7, an 1100K temperature, and a 7 bar pressure as anticipated for the
reactor engine.

Table 7. Reactions included in the initial chemistry simulations
Reaction

k

Ea (J/kmol)

𝐶2 𝐻6 ↔ 𝐶2 𝐻4 + 𝐻2

4.652E13

2.72979E8

2𝐶2 𝐻6 ↔ 𝐶3 𝐻8 + 𝐶𝐻4

3.85E11

2.73189E8

𝐶3 𝐻6 ↔ 𝐶2 𝐻2 + 𝐶𝐻4

9.814E8

1.54577E8

𝐶2 𝐻2 + 𝐶2 𝐻4 ↔ 𝐶4 𝐻6

1.026E12

1.72747E8

𝐶2 𝐻4 + 𝐶2 𝐻6 ↔ 𝐶3 𝐻6 + 𝐶𝐻4

7.083E13

2.53008E8

𝐻2 + 𝑀𝑛3 𝑂4 ↔ 3𝑀𝑛𝑂 + 𝐻2 𝑂

3.6E10

2.8E11

𝐶2 𝐻4 + 6𝑀𝑛3 𝑂4 ↔ 2𝐶𝑂2 + 18𝑀𝑛𝑂 + 2𝐻2 𝑂

1.45E12

2.782E8

3𝑀𝑛𝑂 + 0.5𝑂2 ↔ 𝑀𝑛3 𝑂4

2.05

0

Inlet mass flow rates of air and ethane were specified based on an engine speed of 1800
RPM. The simulations were initialized with 10 grams of 100 micron diameter particles. Outlet
boundary conditions alternated between pressure and wall conditions based on the opening and
closing of the outlet valve. Initial mesh and time step investigation was conducted as shown in
Figure 44 and Figure 45. These simulations might not represent steady state conditions, and the
chemistry modeling was simplified to reduce computational expense, so the actual device
performance might differ from these initial simulation results. There is no experimental
validation of these chemistry results at this time.

Volume average mole
fraction ethane
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Figure 44. Impact of mesh size on volume average mole fraction of ethane.
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Figure 45. Simulation results for volume average mole fraction of ethane with varying time step
size.

The results for inlet pressure as well as the outlet mass fraction of ethylene averaged over
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the outlet flow rate for the 107,738 cell mesh with a 2.5E-5 time step are shown in Figure 46.

inlet pressure

Figure 46. Simulation results for mass fraction of ethylene and inlet pressure for 2.5E-5 second
time steps and a 107,738 cell mesh.
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A cross section of the selected RFB geometry indicating the mass fraction of ethylene
and volume fraction of particles at 0.175 seconds (just after the outlet valve opens) for the
107,738 cell mesh with 2.5E-5 second time steps is shown in Figure 47. The design changes
between the intermediate and final designs appear to have a detrimental impact on fluidization.

Figure 47. Mass fraction of ethylene (left) and volume fraction of particles (right) at 0.175
seconds
The ethylene yield could likely be increased by using a smaller particle size and
optimizing the RFB design. Better fluidization quality should result in increased ethylene yield.
In addition, the timing of rotary valves may impact mixing of the air and ethane within the RFB.
It seems likely that there might be an optimal timing of the valves for maximum ethylene yield.
Fabrication of a metal RFB to withstand engine conditions would allow for experimental
testing of the reactor engine concept. A test of both a monolith and a rotating fluidized bed under
similar conditions could provide insight into the relative performance of the RFB. In addition,
experimental results could be compared to preliminary chemical simulation results. Laboratory
testing presented in this work relied on 3D printed plastic RFBs which can be fabricated quickly
and inexpensively but lack the strength and temperature resistance to withstand engine
conditions. Project time constraints prevented the fabrication and testing of a metal RFB.
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For a better understanding of particle motion within the RFB, fabrication of an optically
accessible RFB could prove advantageous. Testing has been conducted on preliminary RFB
designs using the method described in conference paper Appendix B. The selected design could
be tested in a similar manner if fabricated in a clear material. The optical technique could also be
refined to provide greater resolution by adjusting the range of the color scales employed in
MATLAB. Additional views might be captured, for example a view from top to bottom, in
addition to a side view. If the proper symmetry could be obtained, an Able transform might be
applied to provide insight into the spatial distribution of particles. Ideally the results of the
refined optical technique would be compared to the simulation results at the same conditions to
provide validation of the simulations beyond the basic pressure drop comparisons presented in
this thesis.
To better understand RFB design, additional simulations should be conducted over a
wider range of possible design parameters. The work presented in Chapter 3: Design
Parameters for Small Scale Rotating Fluidized Beds in Static Geometry For Fine Particles
includes an initial study of the influence of design parameters on fluidization quality, but a larger
range of values for the design parameters and different possible combinations of these values
should be investigated. The impact of changing design parameters might be investigated
experimentally, if a refined optical diagnostic could be employed to indicate the impact of
variations in RFB design on particle fluidization. Ultimately the results of such a study could
provide insight into the fluid dynamics of RFBs and allow for development of relationships to
guide RFB design.
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APPENDIX A: INITIAL SIMULATION AND EXPERIMENTAL WORK
This appendix describes the initial work conducted to arrive at the RFB design that was
the starting point for the simulations discussed in Chapter 3: Design Parameters for Small Scale
Rotating Fluidized Beds in Static Geometry for Fine Particles. The initial simulation results
presented in this appendix were not checked for mesh and time step independence and thus may
have substantial errors.

Comparison with Dutta et al. [1]
Initial simulation settings within ANSYS Fluent and RFB geometry were selected to
match those described by Dutta et al. [1] for a rotating fluidized bed of 300 micron diameter
polymer particles and 70 micron diameter glass beads. The silica particles for the reactor engine
application are similar to the glass beads in both diameter and density, and thus the settings
applied by Dutta et al. seemed to provide a reasonable starting point.
Figure 48 below indicates the simulation results for a fluidized bed with an outer
diameter of 40 cm, with 300 micron diameter polymer particles. The particles were introduced
into the bed by injection at the inlets and were free to travel outside of the computational domain
at the chimney. The gas inlet velocity was a constant 40 m/s while particles were injected at
0.475 m/s for 16 seconds.
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Figure 48. Simulation results with a 2mm maximum top face mesh cell size with geometry and
settings from Dutta et al. [1].

Cylindrical Chimney Design
Having determined reasonable settings based on the work of Dutta et al. [1], an initial
small scale reactor design was selected as shown in Figure 49 below and described in Table 8.
Particle-particle and particle-gas interactions were modeled as described by Dutta et al., however
rather than injecting particles at the inlets, a selected number of particles (as described in Table 8
were patched into the computational domain. A porous media, with no resistance to the gas
phase and high resistance to the particles, was specified for a thin layer of cells around the
chimney, to prevent the particles from leaving the reactor. At the walls no slip boundary
conditions were specified for the gas and free slip conditions for the particles. The outlet was
treated as a pressure outlet with 0 gauge pressure. A constant velocity boundary condition was
specified at the inlets. Air was specified as the inlet gas.
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Table 8. Initial RFB simulation inputs.

Figure 44. Cylindrical chimney reactor
design computational domain

Outer diameter (cm)
Inner diameter (cm)
Height (cm)
Width of each inlet (cm)
Number of inlets

5
2
2.5
0.25
8

Particle diameter (micron)
Initial depth of particles (cm)
Volume fraction of initial depth
particles
Total reactor void fraction
Particle density (kg/ (m^3))

105
2

Constant gas inlet flow rate (cfm)

6

0.63
0.50
2200

The simulation results for volume fraction of particles indicated an accumulation of
particles around the screen at the chimney. As is apparent in Figure 50 below in which red
indicates a higher volume fraction of particles and lighter colors indicate lower volume fractions.

Figure 50. Cylindrical chimney RFB design results for volume fraction of particles.
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The same design was also 3D printed and tested under similar conditions. The particles
also appeared to collect at the chimney for tests using blue 105 micron diameter silica beads as
shown in Figure 51 below.

Figure 51. Particle motion at 6 cfm (left) in the 3D printed cylindrical chimney design (right)
and RFB with gaskets and particles but no flow of air (middle).

Initial pressure drop measurements were also taken using a Dwyer 475 digital manometer.
The pressure drop was observed to increase with increasing flow rate, with a value of 3.8 psi at 6
cfm. The initial mass of particles was not measured, and pressure drop is expected to vary with
varying particle depth.
The primary problem with an RFB design involving a cylindrical chimney is that the
particles collect at the screen. The screen prevents the particles from leaving the reactor, but the
accumulation of particles may result in increased pressure drop. In addition, for application with
a catalyst, lack of fluidized behavior will detrimentally impact the mass transport between the
gas and the solid catalyst, diminishing chemical performance.
Simulation results for gas velocity vectors indicate that the cylindrical chimney design results
in a gas flow at the screen that is perpendicular to the screen, with little or no velocity tangential
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to the screen as shown in Figure 52. Thus, particles that arrive at the screen experience little
force pushing them away from the screen and consequently accumulate there.

Figure 52. Gas velocity vectors for a cylindrical chimney design in which particles accumulate at
the screen

Larger Cylindrical Chimney
The impact of increasing chimney diameter was investigated by simulating the particle
motion and gas velocity vectors for a RFB with the same inputs as Table 8 except for an inner
diameter of 3 cm rather than 2 cm. The simulation results for volume fraction of particles and gas
velocity vectors at 0.267 seconds are shown in Figure 53.
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Figure 47. Simulation results for volume fraction of particles (left) and gas velocity vectors
(right) for the RFB design with a larger dimeter cylindrical chimney

The simulation results indicate that even with a larger chimney diameter, the particles
still accumulate at the screen, since the gas velocity vectors at the screen point directly inward,
with no tangential component to force the particles back out into the rotating flow.

Cone shaped Chimney
Next simulations were conducted with an RFB with a conical chimney as shown in
Figure 54. The simulations used the same inputs as Table 8 except the inner diameter of 2 cm
applied only at the top of the reactor. The simulation results for volume fraction of particles and
gas velocity vectors are shown in Figure 54. As was the case for the cylindrical chimneys, the
simulation results indicated gas velocity vectors pointing directly inward at the screen, allowing
particles to accumulate at the screen and impairing fluidized behavior.
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Figure 54. Volume fraction of particles (top left), RFB geometry (top right) and gas velocity
vectors (bottom) for the conical chimney RFB.

Seashell Chimney
Based on the simulation results for the cylindrical and conical chimneys, which indicated
an accumulation of particles at the screens at the chimney as a result of the direction of the gas
velocity vectors at the chimney, a “seashell” chimney design similar to the design presented in
Dutta et al. [1] was simulated. The simulations used the same inputs as Table 8. The RFB
geometry, simulation results for volume fraction of particles, and gas velocity vectors at 0.8
seconds are shown in Figure 55.
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The simulation results indicate that for the seashell chimney, the gas velocity vectors do
not point inward at the inner wall of the RFB and thus particles no longer accumulate there,
however the volume fraction of particles does not appear uniform, and particles may still
accumulate at the screen at the outlet.

Figure 49. Geometry (top left) volume fraction of particles (top right) and gas velocity vectors
(bottom) for a seashell chimney design
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Eight inlet, eight outlet chimney design
Based on the previously discussed simulation results for the cylindrical chimneys, conical
chimney, and seashell chimney, as well as the results presented by Dutta et al. [1], a multiple
outlet design as shown in Figure 56 was investigated.

Figure 56. Eight outlet chimney RFB design.

Initial Simulation Results 50% fill, 105 micron diameter particles

Figure 51. Top view (left) and cross sections at different times (right) of volume fraction
of particles for the 8 outlet RFB at 6 cfm with 105 micron diameter particles.
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Initial simulations used the same inputs as Table 8 with a constant velocity boundary
condition applied at the inlets. The volume fraction of particles as shown in Figure 57 indicates
motion of particles throughout the reactor.

Experimental results for Alfa Aesar Silica Gel 60, 5 cfm flow rate
The 8 outlet design was also 3D printed and tested at 5 cfm with silica gel 60 particles.
The particles appeared to be fluidized as shown in Figure 58 below. The regions of brighter
white correspond to locations at which particles were trapped between the Plexiglas cover, the
clear plastic reactor and the clear adhesive. Tests with an initial fill of about 1 cm of particles
also indicated fluidized behavior. For a 2 cm fill of particles at 5cfm, the measured pressure drop
across the particle bed was 24.8 psi (the pressure drop of the device with the particles, less the
pressure drop of the empty device as measured with the Dawyer 475 digital manometer).

Figure 58. Fluidized silica gel 60 particles at 5 cfm and an initial depth of approximately 2 cm.
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A one inlet design of similar geometry, shown in Figure 59, was also tested and appeared
to exhibit fluidized behavior with a 1 cm initial fill depth of particles.

Figure 59. One inlet design (bottom right), particle motion with approximately 75% reactor void
fraction, 5 cfm flow rate (left), cross section of geometry as modeled in SOLIDWORKS (top
right).

The experimental results indicate fluid like motion of the particles with the 8 outlet chimney
design. The 8 inlets might be reconfigured into a single inlet to streamline integration with the
other components of the modified engine. High pressure drops are expected at high velocities
even without particles in the system, likely as a result of the narrow openings in the inlets and
outlets and small size of the openings in the mesh screens. Pressure drop across the single inlet
design with a one centimeter initial depth of particles was also measured and indicated a lower
pressure drop than the 8 inlet design for the same conditions, for example a pressure drop of
approximately 7.4 psi at 5 cfm compared to 21-25 psi for the 8 inlet design. Thus, the design of
the inlets (and outlets) may have a significant impact on the pressure drop.
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Mesh independence and order of simulation
To better match the experimental results, a 60 micron diameter particle size, density of
794 kg/m3 and a constant inlet velocity corresponding to a 5 cfm flow rate were used as
simulation inputs. The density of 794 kg/m3 was based on a measured mass of particles of 16.5 g
for a 2 cm fill (0.000033 m3) and assuming a volume fraction of 0.63. Simulations were
conducted with 2 different mesh sizes and with 2nd order discretization. The pressure drop as
determined based on the simulation results for the area averaged pressure at the inlets was
plotted with time for the three cases as shown in Figure 60. The medium mesh had 109, 350 cells
while the coarse mesh had 41,280 cells. Pictures of the meshes are provided in Figure 61. The
other 8 inlet, 8 outlet simulation results presented in this report also used the medium mesh. The
second order simulation used least squares cell based, quick and second order upwind, for the
gradient, volume fraction and momentum, turbulent kinetic energy and turbulent dissipation rate
respectively. The transient formulation was second order implicit.
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Figure 60. Impact of mesh size and simulation order on pressure drop across the bed.
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As is apparent in Figure 60 the simulated pressure drop differs slightly between the
medium and coarse mesh before .25 seconds, but then as the simulation comes to steady state,
the difference in pressure drop between the two meshes decreases.

Figure 54. Coarse mesh (left) and fine mesh (right) used for 8 inlet, 8 outlet simulations

The pressure drop differs only slightly between the first and second order simulations,
and the particle motion is also slightly different. Figure 62 below shows the difference in particle
motion between the first and second order simulations.

Figure 55. Volume fraction of particles for second order simulation (right) and first
order simulation (left)
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The second order simulation likely better predicts the particle motion; however, the
simulation time on an 8 core computer is on the order of weeks rather than days, and the pressure
drop results are similar for both cases.

Time varying velocity profile corresponding to 1500 RPM
Simulations were also conducted using the inputs in Table 8 but with a time varying
sinusoidal velocity profile at the inlets calculated by relating the inlet flow rate to the mean
piston speed of the engine. Although the inlet velocity was varied with time, the applied values
were spatially constant. The variation in pressure drop with inlet velocity is shown in Figure 63.
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Figure 63. Initial simulation results for pressure drop with a sinusoidal inlet velocity and 50%
void fraction.
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Taller Narrower Design
Initial simulations of the design shown in Figure 64, with a 2 cm outer diameter, 1 cm
inner diameter and 5 cm height, indicated lower pressure drops at the same flow rate and void
fraction as shown in Figure 63, possibly as a result of increased area of the inlets and outlets.
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Figure 64. Volume fraction of particles (left) and pressure drop (right) for a design with a 2 cm
outer diameter and 5 cm height.

The inlet and outlet area of the taller, narrower design shown in Figure 64 is approximately
double that of Figure 63 since the height was doubled while the inlets and outlets remained
approximately the same width. The pressure drop is a little less than ¼ of that of the shorter,
smaller inlet/outlet area design. Although these simulations are rough approximations which do
not account for compressibility of the flow, are first order and have not been tested for grid
convergence, these initial results suggest that the inlet and outlet area may need to be selected to
minimize pressure drop.
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Impact of varying particle size
Simulations were also conducted with the inputs summarized in Table 9 below with
particle diameters of 50, 60 and 105 microns.

Table 9. Simulation inputs for varying particle size simulations
Outer diameter (cm)
Inner diameter (cm)
Height (cm)
Width of each inlet (cm)
Number of inlets

5
2
2.5
0.25
8

Particle diameter (micron)
Initial depth of particles (cm)
Volume fraction of initial depth
particles
Total reactor void fraction
Particle density (kg/ m3)

varied
2

Constant gas inlet flow rate (cfm)

5

0.63
0.50
794

The pressure drop across the bed for each case is given in Table 10 below. As expected,
the pressure drop increases with decreasing particle size, since smaller particles result in smaller
void spaces between the particles through which the gas flows, resulting in higher pressure
drops.
Table 10. Pressure drop with varying particle size.
Particle size (micron)
105
60
50

Approximate pressure drop (psi)
10
25
29
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The pressure drops in Table 10 do not account for pressure drops upstream of the
simulated computational domain. In addition, the screen was not directly modeled in Fluent, but
instead a pours zone was specified.

Conclusion
Although not fully examined for mesh and timestep independence, these initial
simulations and corresponding laboratory testing provided a starting point for the work presented
in Chapter 3: Design Parameters for Small Scale Rotating Fluidized Beds in Static Geometry for
Fine Particles. A design with 8 outlets at the chimney appeared to exhibit motion of the particles
with less accumulation at the outlet screens than a cylindrical or seashell shaped chimney. For a
2 cm depth of particles the initial simulation result for pressure drop across the particle bed was
25.3 psi compared to 24.8 psi measured in the laboratory. Reducing mesh size and increasing
discretization order had a slight impact on the predicted pressure drop. Laboratory testing
indicated that a similar design with a single manifolded inlet might also achieve fluidization of
the particles. For varying velocities corresponding to the motion of the engine pistons, particle
motion was predicted. Inlet and chimney design were found to have a substantial impact on
pressure drop. Decreasing particle size was also found to result in increased pressure drop.
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Abstract
Oregon State University - Cascades has developed an intensified ethane conversion
reactor from an internal combustion (IC) engine. The engine reactor includes a small (5 cm
diameter) rotating fluidized bed (RFB) that contains the required catalyst. Unlike conventional
fluidized beds, for which the pressure drop across the bed gives an indication of the onset of
fluidization, RFBs require a different diagnostic. A light extinction-based image analysis
technique was developed to investigate the fluidization of catalyst particles within an RFB. An
RFB was 3-D printed in a transparent plastic, which was then coated with clear acrylic for
increased transparency. The technique utilizes a strong diffuse halogen light source placed
behind the RFB, with light intensity captured on the other side with a CMOS sensor. A
MATLAB code is employed to analyze the intensity and determine fluidization metrics such as
onset of fluidization and fluidization quality. Preliminary results show that static bed heights can
be accurately measured with this imaging technique. Fluidization metrics based on light intensity
profiles are under construction.

Introduction
The consumption of ethane in the United States is projected to double between 2016 and
2018. The primary driver of the increase in ethylene consumption is an increase in demand for
plastic, of which ethylene is a major feedstock. New ethylene production plants are scheduled to
be constructed in the United States in the coming years. However, the traditional industrial scale
cracking plants have long construction times and large upfront capital expenses. In the best case,
these plants take years to construct, and cannot be used to quickly meet increasing demand. For
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this reason, smaller plants that have shorter construction times and relatively insignificant capital
expenses are desirable. Smaller plants require significantly more intensified processes, which
requires developing new chemical processing technology.
Many industries, ethylene production among them, require chemical reactors which
utilize solid phase catalysts to enhance gas phase reactions. The catalyst can take many physical
forms depending on, for instance, the necessary reaction conditions, the catalyst chemical
composition, and the economic and physical constraints. For example, vehicle exhaust treatment
systems use monolithic style catalysts since the exhaust system is constrained to a small size
(~0.006 m3 reactor volume), while large commercial chemical processing plants utilize fluidized
bed reactors which can be over 10 meters tall (~22.25 m3 reactor volume). These large-scale
fluidized beds provide many benefits over monolith style catalysts, such as increased mixing of
the solid and gas phases which increases heat and mass transfer, as well as a decreased pressure
drop at high gas throughput. These attributes are desirable, as they allow for increased gas
throughput with less work input, and decrease the relative requirements for catalyst within the
reactor.
Though there are distinct advantages to using a fluidized bed reactor as opposed to a
monolith, there are inherent challenges associated with the architecture. Fluidized bed reactors
require a large capital expense and must be large enough to allow the fluidized particles to be
entrained in the gas for a long enough time for the reactions to occur. The increased throughput
and rapid mixing can also lead to pockets with a lower concentration of catalyst particles, or
even channels of fluid that are not in contact with catalyst particles at all. As the gas throughput
is increased, there becomes a point where the velocity of the incoming gas produces a drag force
on the particles that is larger than the gravitational force acting on the particles. At this point, the
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particles are carried upward together as a packed bed and no longer act fluidized. To overcome
this velocity limitation, another force is necessary to balance the large drag force. One approach
is to use centrifugal force to counter the drag force, which can be accomplished by rotating the
particles at high angular velocities. This architecture is termed a rotating fluidized bed (RFB).
Many applications of RFBs can be found in use today, such as chemical processing [1],
[2], biomass drying [3] and gasification [4], [5]. There are two techniques to induce particle
rotation: by mechanically rotating the device, which in turn induces particle rotation, or by
injecting high pressure gas into the bed with angled inlets to induce a swirling flow pattern. The
rotating gas then induces particle rotation. The latter option, termed a “static geometry” RFB
provides less mechanical complexity. Testing of this architecture is currently underway at
Oregon State University - Cascades.
In order to achieve the advantages offered by RFBs, good fluidization quality is
necessary. An even distribution of particles rotating within the reactor presents the best gas/solid
mixing, and provides the best chance for reactant gas flowing through the RFB to be in contact
with solid catalyst. Channeling or slugging within the rotating bed indicates that some of the gas
within the RFB is allowed to bypass the catalyst, which has a negative impact on the yield of the
desired product. For RFBs used as chemical reactors, a uniform distribution of particles with
ample gas-solid contact is expected to achieve better chemical conversion.
There are a number of design parameters that may influence the fluidization quality
within the RFB. These include the number, width, and angle of the inlet channels, the diameter
and height of the RFB, the chimney design, and the size and amount of catalyst particles. It is
difficult to measure the impact of modifying these design parameters without taking intrusive
measurements. In standard fluidized beds the pressure drop across the bed provides an indication
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if the bed is fluidized or not. At the onset of fluidization the pressure drop across the bed remains
constant. However, in RFBs there is no such analog with pressure drop. Optical measurements
are the default metric used to determine good fluidization in optically accessible beds. However,
subjective person-to-person observations are not as consistent as quantitative measurements.
Videos can be taken of the RFB in operation, but the lack of depth perception makes video
measurements less clear than in-person observation. This work details an approach that was
designed to provide a quantitative image processing technique based on light extinction to
evaluate the performance of various RFB designs.

RFB Test Facility
The Energy Systems Laboratory at Oregon State University – Cascades has constructed a
RFB testing apparatus to analyze various RFB designs. The testing apparatus consists of a RFB
stand that is situated in between a 500 watt halogen light source and a Cannon EOS50D camera
equipped with a CMOS sensor. Unlike incandescent, LED, or CFL lights, the halogen bulbs
provided an un-modulated light source, which is important for the measurement technique yet to
be outlined. To decrease the amount of incident light that was captured by the camera, all
extraneous room lighting was turned off prior to data collection. The RFBs were 3D printed in
Formlabs standard clear resin using stereolithography. To increase their transparency, a clear
acrylic was applied to the RFBs after sanding and the outer annulus intake manifold was made of
transparent PVC pipe. A picture of the RFB is shown in Figure 65. The RFB used here was
designed with 4 inlet slots, each with a width of 0.25 mm. A mass of 7.6 grams of 40-63 micron
diameter silica gel from Alfa Aesar was placed into the RFB to be used as a catalyst surrogate.
These slot dimensions and particle properties are arbitrary for this study and are given here for
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reference only. To stop the particles from escaping through either the inlet or outlet ports, mesh
screens of size 400 mesh were glued over the inlets. The camera used was equipped with a zoom
lens and allowed for the International Standards Organization light sensitivity rating (ISO),
shutter speed, and aperture to each be manually set. First, all the extraneous lights were switched
off in the room and the halogen backlight was turned on. The ISO, aperture, and shutter speed
were adjusted until the region of interest was close to being fully saturated. This procedure
allowed for the full range of the CMOS sensor to be utilized in the region of interest.

Figure 65. Top view of the RFB (left), and side view of RFB (right).

Diagnostic Procedure
There are two steps to consider when using this diagnostic procedure. The first is
acquiring the photographs. The second is analyzing the images to reveal information regarding
fluidization.
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Image collection
After the ISO, shutter speed, and aperture were appropriately adjusted, photographs were
taken with the bed completely empty, and then with the bed filled with particles. These two
photographs represent the two background images. They can also be thought of as the bounding
cases that the CMOS sensor will see: no light obstruction from particles (empty background),
and the maximum obstruction that can occur from particles (full background). An example of the
empty background image can be seen in Figure 66 left.

Figure 59. Background image of empty RFB (left) and backlit RFB with test amount of catalyst
surrogate (right).

With the background images taken, the photographs of interest (or subject photos) are
taken. These are the images that will be analyzed using the image processing procedure
described below. While taking the subject photos it is important to keep the camera settings
consistent between the background and subject photographs. It is also important to keep the
alignment of the test apparatus constant during the two sets of images. The background images
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will be subtracted, pixel by pixel, from the subject photos. As such, the images need to have been
taken under similar conditions.
An example of a subject photograph is shown in Figure 66, right. In this image, the RFB
was filled with 7.6 grams of 40-63 micron diameter silica gel particles. There is no gas flowing
through the bed in this photo; it is simply a static resting bed of particles. A clear distinction can
be made between the bottom of the bed which is full of particles and the top of the bed that has
no particles. This indicates the camera setting have been correctly chosen.

Image Processing
The images shown above, in above Figure 66, are from a new design that provides better
optical access to the internal RFB than older versions. However, test data have not yet been
processed for this design. As such, for the remainder of this paper, an old design, shown in
Figure 67, will be used to demonstrate the image processing technique. The full and empty
background, along with the half-filled images are shown below in Figure 67.

Figure 60. From left to right: Filled background, half filled (subject), empty background images.
As can be seen, the surface finish on the old design, Figure 67, is much rougher. The
newer design seen in Figure 66 corrects this, but the older version is sufficient to convey the
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analysis technique. The subject image in this case is a bed of particles resting in the bottom of
the RFB. This subject frame can be any image that is of interest. During fluidization, many
images are taken every second for post processing to get an idea of the transient behavior of the
RFB.
The first step in the image processing is to select the area of the images to analyze. It is
important to choose a region that will sufficiently show if the particles are fluidized, while also
having the least influence from surface imperfections. In this design, that is the area just to the
right of the chimney (identified with red dashed lines in (Figure 68). Next, the identified areas
are then cropped out of the images as is shown in step A of Figure 69 This reduces the images to
a vertical 2-dimensional representation of the bed.

Figure 61. Section that is cropped from the empty background and subject photo.
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Figure 69. A) Cropping the section of interest out of images, B) converting the cropped sections
from RGB to grayscale, C) subtracting the subject frame from the empty background.

The level of the packed bed is clear from inspecting the difference between the background
and subject image above. However, during fluidization the difference is not as stark, and a better
quantification metric needs to be determined. To do this, the images are converted from RGB
format (three matrices representing the red, green, and blue color intensity at each pixel) into
grayscale images that represent the light intensity at each pixel by a single number in the range
of 0 to 255. This allows for a single matrix to represent the image, and makes manipulating the
images through matrix math simple.
The grayscale subject image is then subtracted from the empty background image (shown
as step B in Figure 69) to produce a single grayscale image (C in Figure 69). In this image, dark
areas represent space which has fewer particles, whereas light areas have a higher density of
particles. This is because the lightest portions of the subject and background images have a high
light intensity (e.g. closer to 255), while the regions where the light was obstructed by the
particles have a low light intensity (e.g. closer to 0). When a light region is subtracted from a
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light region, the result is a dark area (e.g. 255-255=0), and when a dark region is subtracted from
a light region a light area remains (e.g. 255–0=255). The remaining 2-dimensional greyscale
matrix can then be plotted as an intensity map, show in Figure 70.

Figure 70. Intensity map of the post-subtraction greyscale image. The red arrows indicate the
dimension the averaging was carried over.

In this representation, it is much easier to see the impact that surface impurities and
roughness has on the light intensity. These differences in localized intensity necessitate
averaging across the horizontal dimension, as is indicated by the red arrows in Figure 70 This
average leaves a single horizontal intensity for each vertical pixel row which can be plotted to
reveal the average light intensity as a function of height. This plot is shown in Figure 71.
The process that has been outlined above subtracts the subject image from the empty
background image. However, it is just as reasonable to subtract the full background image from
the subject image. This produces a final intensity map that is inverse of the method outlined
above (i.e. low intensity represents a higher density of particles, and a high intensity represents
fewer particles). This approach has also been conducted, and is represented as the blue line in
Figure 71.
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Figure 71. Intensity vs height of the final averaged and subtracted greyscale image. Full denotes
using the full background image, empty denotes using the empty background image.

Inspecting the resultant curves in Figure 71 reveals some of the limitations and successful
aspects of this technique. The step change in intensity in both curves (around a height of 1200)
successfully indicates the height of the static bed. This is encouraging, and shows the method
works in the most basic case. However, the non-uniformity in the intensity near the top of each
curve shows the effects of the RFB surface irregularities. There is also a small “shelf” that is
present in both curves just above the top of the particle bed. It is believed this was caused by
light reflecting off the top of the particle bed, and is not observed in fluidized images. However,
it does speak to the impact that light reflection can have on the final intensity map.
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Future Method Additions
Several additions are being be made to this baseline method. As was discussed, this
technique lends itself well to analyzing the transient behavior of a RFB by analyzing each frame
of a video, of any framerate. These frames can then be averaged temporally to produce a metric
for the time averaged fluidization as a function of bed height. The images can also be taken from
another plane to provide additional temporal information. For instance, a clear top and bottom
can be manufactured for the RFB, and the light and camera can be placed vertically above and
below the RFB. This plane provides information on whether the particle concentration is higher
near the chimney or walls. Finally, including a length standard in one of the baseline images
(such as a ruler or bed dimension) can be used to accurately measure the height of the static bed,
or any other area of interest.

Conclusion
A noninvasive, quantitative diagnostic for measuring rotating bed fluidization quality was
developed. This technique involves capturing images of a transparent RFB which is placed
between a light source and a camera. Using the images captured during the operation of the RFB,
the difference in light intensity reaching the camera indicates the local concentration of catalyst
particles. The method outlined above assigns a quantitative value to this concentration and can
be used to determine the impact of changing variables within the RFB. This technique is
nonintrusive and has shown to be successful at calculating the height of a static bed of particles
within the RFB.
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APPENDIX C: EXPERIMENTAL WORK CORRESPONDING TO THE
INITIAL DESIGN PRESENTED IN CHAPTER 3
This appendix describes the experimental work conducted on the initial design discussed
in Chapter 3: Design Parameters for Small Scale Rotating Fluidized Beds in Static Geometry for
Fine Particles. The 3D printed 8 inlet, 8 outlet design shown in Figure 58 (Appendix A) was
tested with a size 400 mesh screen glued to the outside of the chimney to prevent particle
accumulation in the outlet slots as discussed in Chapter 3.
Testing was carried out using the apparatus shown in Figure 39. Compressed air passed
through an Ascroft pressure regulator, filter, and Parker oil separator prior to entering the
rotameter. Initially the upstream valve was turned on, the knob on the King Instruments
7510217A rotameter was set to 5±0.1 SCFM and the upstream valve was switched off. The
upstream valve was turned on again and pressure drop recorded at steady state. This process was
repeated 10 times. Pressure drop measurements were also collected for the empty device and
subtracted from the pressure drop measurements with particles, in order to determine the
pressure drop across the particle bed alone to compare with the simulation results. With a 16.5 ±
0.22 grams of Alfa Aesar silica gel 60 particles (measured using an Adam Equipment CBK16aH
scale), corresponding to a 2 cm fill depth, the Dwyer series 475 digital manometer indicated a
pressure drop of 12.72 ±0.79 psi. By comparison the simulation result for pressure drop of the
same RFB design with a 2cm particle fill depth was approximately 13 psi (Figure 18). Any
inaccuracy chimney placement would impact the measured pressure drop.

