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Abstract

Fluidization experiments were conducted on a small scale and with a rapid response (short
duration) to enable corresponding simulations at low-computational cost. Rise times are reported
for four or fewer polyethylene particles (intruders) in an air-fluidized bed of ~5,000 Group D glass
beads. Experimental inputs were completely characterized—particle properties, system dimensions
and operating conditions—which is necessary for validating CFD-DEM including a comprehensive
uncertainty quantification (UQ) analysis. Input uncertainties are reported as bounds or cumulative
distribution functions of measured values. The staggering number of simulations required to
complete a UQ analysis (~ 0(10%) simulations corresponding to ~5 uncertain inputs) motivates this
work. These segregating-bed experiments are designed to permit analogous CFD-DEM

simulations to complete in less than a day on a single (~2.5 GHz) CPU. Segregation times are
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reported for several operating conditions, intruder sizes, and initial configurations, providing a rich

dataset for numerical model testing, validation and UQ.

Keywords: multiphase flow; fluidized bed; bubbling bed; segregation; validation; uncertainty

quantification.

1. Introduction

Multiphase flow processes involving solid particles are common to a wide range of
industrial operations (e.g., fluidized beds and strippers). The ability to simulate these multiphase
systems accurately will aid in process operation, design, troubleshooting and scale-up. Hence,
validation of the physical models and numerical frameworks are important steps toward the
prevalent adoption of computational fluid mechanics (CFD) software for multiphase flows. While
a base form of validation is the comparison of model outputs against experimental results, a more
rigorous form of validation includes an assessment of model uncertainty (similar to experimental
uncertainty) !. This uncertainty quantification (UQ) involves an evaluation of the uncertainty in
the model prediction (output) based on the uncertainties in the simulation inputs !. Essentially, UQ
provides a set of “error bars” for model predictions, similar to what is widely accepted and
expected for experimental measurements. If, given the same input uncertainties, the envelope of
model outputs is similar to those observed in the experiments, confidence in the inherent accuracy
of the model is increased (see Roy and Oberkampf ! for a thorough discission of the complex
relationship between experimental and model output uncertainty envelope). Model assessment
efforts that include validation and uncertainty quantification analysis, for which experimental

measurements along with their uncertainties are directly compared against those from the
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numerical model, are capable of identifying the presence of model form error. In particular, if the
envelopes of experimental and model outcomes disagree, some error in the physical model (model
assumptions, governing equations, etc.) likely exists since the discrepancy cannot be explained
using arguments about uncertainties in the model inputs as these are explicitly evaluated. Another
significance of performing UQ along with the base form of model validation is to consider the risk
associated with a decision if the uncertainty of the predicted outcome is neglected '.

Evaluation of the model output uncertainty attributable to the uncertainties in the
simulation inputs is one of the more demanding components of UQ. This is often accomplished
by using “forward propagation” of the input uncertainties (i.e., sampling the input parameter space
and observing the range in model outputs), which can require the completion of many thousands
of simulations for numerical models with several uncertain inputs (a common situation in
multiphase flow). Accordingly, the computational feasibility of performing UQ depends on the
typical simulation time, and hence the type of numerical model being evaluated (continuum,
discrete, etc.).

A common multiphase modeling approach for particle-based flows couples computational
fluid dynamics with discrete element method (CFD-DEM) to provide a powerful simulation tool
uniquely suited to tackle challenges faced in a wide range of industrial processes 2. While the
discrete treatment of particles with CFD-DEM offers advantages such as control over individual
particle properties and resolution of every collision (thus avoiding closures and constitutive
equations), the disadvantage is the computational cost of tracking each particle. This cost limits
CFD-DEM simulations to relatively small numbers of particles (~O(10°)) with generally long
times required to complete simulations (~O(weeks)) 2. The potential benefits offered by CFD-

DEM are expected to soon outweigh these computational costs to industrial users (where systems
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can contain up to O(10'%) particles) 2. The recent interest in CFD-DEM to solve industrially
relevant issues in particle technology elevates the need for UQ of CFD-DEM in order to assess
risks associated with model outcomes. Nonetheless, the significantly limited computational speed
that constrains CFD-DEM to small simulation domains (numbers of particles) also further hinders
completion of the aforementioned thousands of simulations associated with the forward
propagation of input uncertainties. Thus, a simplified approach to evaluating model output
uncertainty compared to the more rigorous UQ approach is essential. Nonetheless, establishing a
suitable, simplified UQ strategy necessitates comparison directly against the more rigorous
technique—i.e., a fully-sampled or a full UQ (e.g., Dahl et al., submitted *).

Many prior studies reporting experimental datasets for CFD-DEM model evaluation
(validation) exist, and a sample of these recent works are presented in Table 1. Most of the existing
experimental datasets for CFD-DEM evaluation contain measurements of some relevant material
properties (e.g., particle size and density), whereas only some studies provide measurements of all
relevant material properties (i.e., required inputs to the CFD-DEM simulation) for validation.
However, a much smaller fraction provide a full characterization of system inputs and measured
outputs—i.e., full evaluation of the uncertainty—as required to allow for rigorous validation and
uncertainty quantification.

Furthermore, the potential for rigorous model assessment including validation and UQ of
CFD-DEM models using the few reports that accounted for uncertainty for the complete range of
experimental inputs *°, is curbed by a combination of (i) the staggering number of simulations
required for a fully-sampled, forward propagation (UQ) analysis and (ii) the computational
resources required to simulate the large number of particles in the corresponding systems.

Regarding (i), the number of simulations required to fully sample the input uncertainty space
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depends on the type of each uncertain input, namely, aleatoric or epistemic . Aleatoric uncertainty
is due to natural variation and can be quantified with a measured distribution, e.g., a particle size
distribution. An uncertainty is considered epistemic if it is due to measurement precision, and the
distribution within a range is unknown. Roy and Oberkampf’s ! rigorous nested sampling method
for a full UQ requires sampling the probability distribution functions of all aleatoric uncertainty
sources one hundred times and (N°+2) samples for all N epistemic uncertainty sources, thus a
minimum of ((N*+2)*100) simulations are required to fully sample the uncertainty space. With
regard to (ii), only a small subset of available experimental data targeted for CFD-DEM model
evaluation is suitable for UQ, but the number of particles in these studies make the analysis cost
prohibitive. In particular, of the several experimental efforts overviewed in Table 1, only two
experimental efforts, Gopalan et al. ° and Fullmer et al. # provide full evaluations of inputs for their
fluidized bed experimental systems of ~10° plastic beads (Table 1). Gopalan et al. ® list uncertainty
ranges for the fifteen system inputs (Table 1) identified in their fluidized bed experiment, which
is referred to as the small-scale challenge problem I (SSCP-I), thus all must be treated as epistemic
and a resulting thorough forward propagation analysis would require at least 337,700 simulations.
While treating all uncertainty sources as epistemic may reduce the total number of simulations
required to perform UQ, this treatment does not allow for the sampling of aleatoric uncertainty
sources —e.g., particle diameter—to be based on their associated probability and therefore does not
fully capture the precise shape of the uncertainty envelope. Fullmer et al. 4 also provide full
evaluations of inputs for their horizontal-jet penetration experiments in a fluidized bed of ~10°
plastic beads (Table 1)). Based on internal studies using the open-source MFIX code, each CFD-

4

DEM simulation of one of Fullmer et al.’s * experiments is approximately a day using 12

computational processor units (CPU) (totaling 288 CPU hours) °. While this is a reasonable
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computational expense for a limited number of parametric studies, the total number of simulations
required for a rigorous, forward propagation (full) UQ analysis of Fullmer et al.’s * system based
on the nine epistemic and six aleatory uncertainties is a minimum of 73100 simulations '—
summing to 21 million CPU hours— a prohibitive computational expense . Using the same
computational requirements for the 3377 simulations associated with a UQ of Gopalan et al.’s °
fluidized bed also containing 10° particle would require nearly 1 million CPU hours.

The main aim of this work is to develop a gas-solid experiment that can be used as a dataset
for rigorous validation including a full uncertainty quantification of CFD-DEM models, i.e.,
including direct comparison of the experimental and modelled uncertainty. More specifically, the
goal is to develop an experimental dataset for which the experimental uncertainties of both inputs
and outputs are fully characterized and the experimental scale (both number of particles and
duration) is small enough to permit the thousands of simulations required for a diligent forward
propagation of the input uncertainties using CFD-DEM models. To achieve these objectives, a
small segregating fluidized bed was designed. Segregation is an applicable measurement for CFD-
DEM validation as the segregation behavior is sensitive to gas-phase properties, operating
conditions and particle properties, and is driven by differences in particle properties, e.g., size and
density "!. The outcome is sensitive to small changes in the inputs related to both the gas phase
and particle phase, and therefore serves as a good test for multiphase models. The key output of
the experiments is the time required for a few high-density polyethylene (HDPE) particles
(intruders) to rise to the top of a fluidized bed of approximately 5,000 glass particles (common).
Both the intruder and common particles are well characterized experimentally, and distributions
of the particle properties — i.e., particle size, coefficient of restitution, coefficient of friction, and

sphericity (shape) — are measured and reported. Experiments are performed with varied operating
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conditions and for two different-sized intruders. Each experiment was repeated and the average
and 95% confidence interval of the rise time for the intruder(s) are reported and discussed. Each
set of experimental results represents a validation data set that could be used for direct
comparison—including propagation of input uncertainty—against small-scale CFD-DEM model

results.
2. Materials and Experimental Methods

2.1 Fluidized bed apparatus

The very small-scale uncertainty quantification (VSSUQ) dataset apparatus is named to
echo the similarities with the carefully-characterized nature of past challenge problems, such as
the small-scale challenge problem, or SSCP-1.° The VSSUQ system is designed to meet the criteria
of (i) multiphase (gas-solid particle) experiments where the influence of each phase is significant
(i.e., robust for validating CFD-DEM, not just CFD or DEM), (ii) the entire experimental system
can be simulated, (iii) the wall clock time for simulations is less than 24 hours, and (iv) simulations
can be performed on a single CPU. Liu and Hrenya’s ?? analysis of the influence of various input
parameters on the wall-clock time for DEM simulations was used to design experiments to reduce
the anticipated computational time. Namely, experiments are performed with large particles (> 1
mm) and the total number of particles simulated is minimized. Thus, the size of the apparatus was
kept relatively small to accommodate the small number of particles (~O(10°) particles) so
condition (ii) could also be met. Additionally, the experiment was designed to have short
experimental times, so the duration of simulated times was also short.

The VSSUQ setup is a segregating fluidized bed designed to operate with ~4,000 to 5,500
particles; see schematic in Figure 1a and an image of the experimental apparatus in Figure 1b. The

square cross-section of the fluidized bed section of the apparatus was designed to be > 12 particle
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diameters in each dimension. The dimensions associated with the bed cross section are 3.809 +
0.002 cm and 3.811 + 0.002 cm. The walls of the fluidized bed are made of clear acrylic Plexiglas.
As discussed more below, the particle-wall friction and restitution coefficients were measured, and
the full cumulative distribution function of measured values is reported in the Supplemental
Material to allow for the influence of walls to be directly considered in CFD-DEM simulations
reproducing the experiments. A copper wire is wrapped around the outside of the walls of the
system to reduce electrostatic effects in the fluidized bed (Figure 1b); no visual evidence of
electrostatics was observed during the experiments. Therefore, electrostatics are expected to have
a negligible effect on the experiments and thus can be_excluded from any corresponding CFD-
DEM simulations.

Dry, compressed air is used to fluidize the particles. First, the air flows through
compressed-air filters and an additional dryer followed by a pressure regulator. A flow control
valve is used to quickly turn air flow on and off to the fluidized bed. A throttle valve is used to
control the flow rate through the King Instrument Company rotameter (7530 5C-05). The
rotameter has a flow range of 0 — 8.2 SCFM with an accuracy of £2%. The King Instrument
Company rotameter standard calibration temperature and pressure conditions are 7s4 21.1 °C
(70 °F) and Ps.4 101.35 kPa (14.7 psia), respectively. An Ashcroft (355-04) pressure gauge (0 —
20.7 kPa (0 — 30 psi) with £2% accuracy) is located at the exit of the rotameter to measure the
rotameter pressure Prg, and is used to calibrate the flow rate from the rotameter. The lab
temperature is typically 20 °C and the average local atmospheric pressure Pr .4 is 83.77 kPa (12.15
psia). The rotameter flow rate Or and rotameter gauge pressure Pr¢ are measured directly and used
along with the local atmospheric pressure Pr 4, lab temperature 7z, and the VSSUQ fluidized bed

cross sectional area to calculate the superficial gas velocity U. When discussing results below, the

85U8017 SUOWILIOD 3A1e1D) 8|ceotidde ay) Aq peuenob ae ssoile YO ‘8Sn JO Ss|nl o Akeiq 18Ul U0 A8]IAN UO (SUOIIPUOO-PUR-SLLIBY WD A8 1M AReiq 1 Ul |UO//SANY) SUORIPUOD PUe SWB | 8U1 89S *[£202/60/90] U0 A%1q1T8UlUO A8]IM ‘UOIRLLIOU| [EOIUY38 | PUY J3ILBIS JO 80110 AQ £79/T"21/200T 0T/I0P/W0D A8 |Im AReiq 1 pul|uo aude//Sdny Woj papeo|umod ‘9 ‘ZZ0Z ‘S06SLYST



superficial gas velocity of an experiment (accounting for local and experimental conditions) is
more straightforward to reference than the flow rate as read from the rotameter (in uncorrected,
standard units of volumetric flow rate). Therefore, along with the calculated, superficial gas
velocity, the standard rotameter flow rate (as directly read from the rotameter) and rotameter
pressure are provided below.

Air flows from the exit of the rotameter to the center of the bottom of the plenum, which
has an inner diameter of 5.56 cm (2.19 in) and 10 cm (4 in) long. A distributor plate is used to
distribute the air from the plenum to the bottom of the bed of particles. The distributor plate is a
3.2 mm (1/8 in) thick perforated disk with orifice hole sizes of 0.9 mm, separated by a center-to-
center hole distance of 3.2 mm arranged in a square grid. The pressure drop across the distributor
was always larger than 20% of the pressure drop across the bed, which is expected to be sufficient
to provide a uniform distribution of fluidizing air.

The sensitivity of the rise time to changes in operating conditions controlling the air
superficial fluidizing velocity (via the air flow rate) are investigated here. Experiments were
repeated for each set of experimental conditions to ensure repeatability of results and quantify
uncertainty in the measured rise time. To ensure the same rotameter air pressure and flow rate set
point for each repeated experimental trial, the pressure regulator and rotameter flow rate were set
to the desired conditions, and then an on/off valve was used to control the air flow to the rotameter.
Thus, once set for a given set of experimental conditions, the rotameter throttle valve was not
adjusted between experimental repeated trials. The bed was initialized for each experiment by
placing he intruder particle(s) at the bottom of the system and then slowly and carefully loading
the common glass beads into the bed (experiment specifics will be discussed further below). The

compressed air was filtered and dried to ensure that condensation from humidity in the air would
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not influence the particle behavior. A 0% relative humidity of the compressed air was confirmed
with an Omega Model HX93AV-RP1 humidity probe (+ 3.1% in the measured range).
Experiments were performed with between one and four HDPE particles (intruders) and
~4000-5500 glass beads (common particles). The HDPE intruders have a smaller particle density
than the glass beads. Some experiments are performed with small intruders that are similarly sized
to the common glass particles, and other experiments with large intruders that are nearly three
times larger than the common particles. For small-intruder experiments, the density difference

11,14

mainly drives segregation, and both size and density differences drive segregation for large-

intruder experiments,!%:11:13.14.23

A DVC model 340M high-speed camera was used to image the fluidized bed during
experiments. The frame rate of the camera varied between 111 and 392 frames per second (fps)
depending on the experiment and was normally (78.8% of experiments) set to 211 fps. The high-
speed camera sensor is 320x240 pixels with 16 bit images. The high-speed video camera is
positioned to view the side or the top of the fluidized bed (tests were performed with the camera
in both positions). The HDPE intruders are white and have high contrast against the glass beads
such that breakthrough of the intruder from the glass beads is straightforward to determine visually.
The intruder rise time is defined as the time required for the intruder particle to segregate to the
top of the fluidized bed surface. The segregation timer begins when the fluidizing air is turned on.
The rise time is determined from the video based on the frame corresponding to when at least 25%
of the cross-sectional area of the white intruder particle breaks through the top of the bed of glass
beads. Videos of both the side view and top view were used for measuring the rise time.

For single-intruder experiments, the rise time reported is simply the average rise time for

the single intruder. When multiple intruders are included in the segregation experiment, multiple
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rise times are recorded (one for each intruder). To avoid ambiguity, the rise times reported in this
work for multiple-intruder experiments are labeled according to the rise order—e.g., the average
rise time for the first intruder to breach the surface in each experiment is labeled “1°*” on the x-
axis. All experiments were repeated at least five times; to accommodate additional camera
positions, additional camera positions additional replicate tests were performed for some
experimental conditions. Thus, segregation experiments were repeated five to ten times for each
set of conditions. Tables of the measured rise times for each trial of all experiments and the
corresponding experimental operating conditions are listed in Supplemental Material (Section S2).
2.2 Particle Characterization Methods

The fluidized bed is composed mainly of nominally 3 mm soda-lime glass beads (Mo-Sci
Corp.) which we refer to as the “common” particle in the fluidized bed experiment. The soda-lime
glass has an average particle density (i.e., material or intrinsic density) of 2.5 g/cm?, which was
measured via the water displacement method. The intruder particles are composed of high-density
polyethylene (HDPE), which has a material density ranging from 0.93 to 0.95 g/cm?® ?*. The
material and particle properties relevant to the experiments (and as inputs to CFD-DEM
simulations) are characterized and provided below. In particular, the particle size d (equivalent-
sphere, projected area diameter), restitution coefficient e, sliding friction coefficient ux, and
particle shape (characterized as sphericity) were measured for the materials used in this work.

A brief overview of the methods used to characterize the particle diameter, coefficient of
friction, coefficient of restitution, and sphericity (a measure of particle shape) are summarized here;
a detailed description is available elsewhere >>?¢. The DVC 340M high-speed camera described

above was used for the particle coefficient of friction and coefficient of restitution measurements.
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The high-speed camera settings for the restitution and friction coefficient tests to achieve a frame
rate of 309 fps with a 16 bit, 213x160 pixel image.

The coefficient of restitution measurement is based on the bounce heights of particles
recorded with the high-speed camera. A ring stand with several clamps is used to hold a particle
at the tip of a tweezer. A spring-based clamp is used to clamp the tweezers down onto the particle
to ensure a swift release of the particle for each coefficient of restitution test. The initial release
(Figure 2a.1), bounce (Figure 2a.2) and rebound (Figure 2a.3) of the particle are captured in the
high-speed video. The initial height of the particle /o (Figure 2a.1) and the final bounce height /s
(Figure 2a.3) are captured with the high-speed camera. The coefficient of restitution e is based on

the ratio of the post-collisional (relative) velocity to the pre-collisional (relative) velocity; for the

drop-based measurements e = \/hs/h,.

Particles are imaged for size and shape measurement with a high-resolution Dantec
Dynamics EOS camera. The Dantec Dynamics EOS camera is configured to have a ~3.7 um/pixel
resolution. Particles were affixed to microscope slides before being imaged with the Dantec
Dynamic EOS camera. The particles are backlit to create high contrast. An example image of the
common glass bead particles is provided in Figure 2b. Particle images are processed using
MATLAB to identify the edges of particles (marked by a green line in Figure 2b), and the projected
area and projected perimeter of each detected particle. The equivalent-sphere, projected area
diameter is reported as the particle diameter. A two-dimensional measure of the sphericity (which
is classically defined as the ratio of the surface area of a sphere with the equivalent volume of the
particle to the surface area of the particle 27) is used here, namely, the ratio of the equivalent-sphere,

projected-area diameter to the equivalent-sphere, projected-perimeter diameter 5.
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Friction coefficients are measured by recording the acceleration of a small sled down an
inclined block. Four particles are glued to the bottom of a small glass plate to create the sleds,
which isolates the sliding friction component. The friction measurement device sits on top of a
block that can be tilted to control the angle (8) of the slide, as pictured in Figure 2c. A detailed
explanation of the apparatus design is available in LaMarche et al. >%°. The friction measurements
are performed inside of a humidity-controlled box (Figure 2c). The acceleration of the sled (am) is
determined from recordings made with the DVC high-speed camera described above. The
coefficient of sliding friction is given by u, = (gsinf —a,,)/(gcos8), where g is the

acceleration of gravity %°.

3.Results and Discussion

3.1 Particle Characterization
The cumulative distribution function (CDF) of particle diameter measured for the large and
small high-density polyethylene (HDPE) particles (intruders) and the glass (common) particles is

plotted in Figure 3. The small intruders have a similar particle size to the common glass particles.

The large intruders are significantly larger than the smaller intruder and the common glass particles.

Hence, segregation experiments performed with the small intruders isolate material property
differences such as particle density, while the large intruder experiments capture the segregation
effect caused by both particle density and size differences.

The measured distributions of particle restitution coefficient, particle shape (sphericity)
and coefficient of friction are provided in Figure 4. Table 2 lists the characterized system inputs
(e.g., system size, particle properties), if a CDF of the input is available (which is useful for
assessing the associated uncertainty type as discussed in detail elsewhere '), and, where relevant,

minimum, (arithmetic) mean and maximum measured values for the input. Full tables of the
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measured distributions of inputs for aleatoric uncertainty sources (in the form of cumulative
distribution functions) are provided in Supplemental Material (Section S1). The coefficient of
restitution (Figure 4a) and friction (Figure 4c) for the HDPE particles (intruders) are generally
considered material-specific properties rather than particle-size dependent. Thus, the size-
independent (material) properties—e.g., coefficients of restitution and friction—are therefore
reported as a single distribution. Distributions of sphericity (particle shape) for the large intruder,
small intruder and common glass particles (Figure 4b) indicate all materials are relatively spherical

as the sphericity is generally > 0.9 (Table 2).

3.2Validation Datasets

3.2.1 Single large intruder, single gas velocity

The rise time measured for a single, large HDPE intruder in a bed of common glass beads
with a mass of 177.46 =+ 0.01 g is plotted in Figure 5 for a fluidizing gas superficial velocity of
183 cm/s (Or = 3.6 SCFM; Prg = 12.5 psig). The standard deviation (0.95 s) of the rise times
plotted in Figure 5 normalized by the average rise time (7.5 s) is 0.12, which indicates a small
deviation in the rise time compared to the average measured value. As discussed previously, the
rapid segregation observed in the experiments is desirable as it allows short CFD-DEM simulations

to be used for validation.
3.2.2 Multiple large intruders, multiple gas velocities

The sensitivity of the rise time to the superficial gas velocity was also investigated.
Statistically significant changes in rise times associated with a change in superficial gas velocity
represent a potential comparison point for CFD-DEM validation. Images of the rising intruder
particles in the bed of glass beads at various experimental times ¢ are provided in Figure 6 for

superficial gas velocities U= 183 cm/s (Or = 3.6 SCFM; Prg = 12.5 psig; Figure 6a) and U =214
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cm/s (Or = 4 SCFM; Prg = 15 psig; Figure 6b). Snapshots from the high-speed videos for the two
velocity cases are provided when the fluidizing gas is first turned on (¢ = 0 s), and after 3 s, 5 s, 7
s, and 9 s of flow. The variation in bed height pictured in Figure 6a and Figure 6b is representative
of the amplitude of bed height fluctuations observed throughout the experiment for the two
experimental cases. The bed expansion is significantly lower in the lower-velocity (Figure 6a; U
= 183 cm/s) case compared to the higher-velocity (Figure 6b; U = 214 cm/s) case.

The average measured rise times for the large intruders are plotted in Figure 7. When more
than one intruder is present, the intruders typically rise at slightly different times. As explained
above, the intruders in a given experiment are ordered along the x-axis based on the rising order.
The average rise time for all rising particles (1% through 4™ decreased relative to the same rising
particle number in the lower velocity case. In particular, compared to the U = 183 cm/s (Qr = 3.6
SCFM; Prg=12.5 psig) case, intruder particles in the U= 214 cm/s (Or =4 SCFM; Prg =15 psig)
case experienced statistically significant shorter rise times for the first two rising particles, as
indicated by the non-overlapping 95% confidence intervals (represented by error bars) in Figure
7. For the lower velocity experiment in Figure 7 (U = 183 cm/; Qr = 3.6 SCFM; Prg = 12.5 psig),
the 95% confidence interval of the third rising particle is larger than the fourth rising particle. The
larger 95% confidence interval for the third rising particle when U = 183 cm/s is due to a single
trial with a longer rise time for the third particle compared to the other trials that increased the
standard deviation. Segregation is driven by bubbles in the fluidized bed, * and the larger bubbles
in the higher-velocity case (indicated by the larger amplitude in bed height fluctuations in Figure
6b vs. Figure 6a) drive the corresponding faster rise time.

The rise times for two large-intruders in a bed of common particles are plotted in Figure 8.

In Figure 8a, the rise time for each rising intruder in the two, large intruder fluidized by increasing
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gas velocities is compared. Unlike the case of four large-intruders shown in Figure 7, where a
statistically significant decrease in rise time was measured for the gas velocity change from U =
183 cm/s (Qr = 3.6 SCFM; Prg = 12.5 psig) to U =214 cm/s (Or =4 SCFM; Prg = 15 psig), the
difference in the average rise time for two large-intruders is not statistically significant for the
smaller change in gas velocity from U = 199 cm/s (Or = 3.8 SCFM; Prg = 14 psig) to 214 cm/s
(Or =4 SCFM; Prg = 15 psig) in Figure 8a. For the same gas velocity, the average intruder’s rise
time depends on the total number of intruders, as shown in Figure 8b. Comparing the mean rise
times for the intruders with same air velocity (U = 214 cm/s; Or =4 SCFM; Prg = 15 psig) in the
two-intruder case (blue diamonds in Figure 8) to the first two rising HDPE particles in the four-
intruder case (black circles in Figure 7 and Figure 8b) indicates that the total number of intruders
potentially has an influence on the rise time. For the experiments with U=214 cm/s (Qr =4 SCFM;
Prg =15 psig), the difference in rise time (average + 95% confidence interval) of the first intruder
in the two-intruder case (5.5 £ 0.7 s) is not statistically significant compared to the first particle to
rise in the four, large-intruder case (5.15 + 0.3 s). Similarly, the faster mean rise time for the second
intruder in the two, large-intruder case (blue diamonds in Figure 8) compared to the second intruder
in the four, large-intruder case (black circles in Figure 8b) is not statistically significant (as
determined by overlapping 95% confidence intervals), namely, the rise time for the second particle
in the two- and four-intruder cases is 6.7 £ 0.8 s and 5.55 £ 0.5 s, respectively. Nonetheless, the
95% confidence interval is expected to reduce with more repeated tests, potentially resulting in
statistically significant difference between the second rise time would be found with more repeats

of the experiments.

3.2.3 Segregation drivers: size and/or density differences
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The influence of intruder size on rise time is demonstrated in Figure 9 with rise times for
two, large intruders (dave ~ 9.43 mm) vs. two, small intruders (dave ~ 3.15 mm) for the same
fluidizing gas velocity U = 214 cm/s (Or = 4 SCFM; Prg = 15 psig). The density difference
between the intruder particle material HDPE (p~ 0.94 g/cm? 2*; Table 2) and the common glass
particles (p~ 2.5 g/cm?®; Table 2) is one segregation driving factor. Since the small intruders are
approximately the same size as the common glass (dgave ~ 3.1 mm) particles (see Figure 3 and
Table 2), segregation of the smaller intruders is driven by this density difference, whereas the
larger-intruder segregation is driven by both size and density differences with the common
particles. Hence, the influence of intruder density as a segregation driver is isolated from the size
in Figure 9. The faster segregation for the larger intruder is expected, as the increase in particle

size drives a larger difference in particle mass between intruder and common particles %!%:16-3,

3.2.4 Sensitivity Tests

The influence of the initial intruder height H relative to the distributor plate for small
intruders for U = 214 cm/s (Or = 4 SCFM; Prg = 15 psig) is demonstrated in Figure 10. For
experiments, the intruders are initially placed on top of the distributor plate. However, the exact
placement of the intruder particle may shift as common particles are added to the system, leading
to some uncertainty in the initial height H of the intruder particles (on) at the beginning of the
segregation experiment. This uncertainty in H is expected to be small compared to the common
particle diameter (i.e., o << dg). Nonetheless, previous studies identified the segregation outcome
(in vibrofluidized beds) as significantly sensitive to the initial intruder height.!” Therefore, the
sensitivity of uncertainty in H on the intruder rise time was investigated. To test this sensitivity,
the rise time for intruder particles placed on top of one layer of common particles is measured.

Comparing the rise times for intruder particles above one layer of common particles to the nominal

5U80 1 SUOWILIOD BAITER.D 3 (a1 de aLj) A PaLBAOB 212 SOIL VO 128N JO 3N 10} AReic]1 ] BUIIUO B[ UO (SUO HIPUOD-PL-SULBYLIOD" A3 I ARG BUIUO//SCHIL) SUORIPUOD PU SLLLB 18U 88 *[£202/60/90] U0 ARIqIT8UIIUO AB]IM ‘UOTIEULIOJ] [BIIU3S | PUY D1JILBIS JO 8010 AQ £49.T DR/Z00T OT/I0P/LIOD"/B |1 AReiC)[BUIIUOBLD /SNl WO} POPROIUMOQ ‘9 ‘ZZ0Z ‘SO6SLYST



starting height tests the influence of a large change in H (H = dg) relative to the expected
uncertainty in nominal initial start height (on << dy). Pictures from the experiment in Figure 10a
illustrate the difference in H defined relative to the glass bead diameter as H/d; = 0 (directly on
top of the distributor plate; the typical initial intruder height) and H/dg = 1 (on top of a single layer
of glass beads). The average rise time in Figure 10b confirms that the first and second intruders
are not significantly influenced by the small changes in H. However, a notable increase in the rise-
time variability (represented by 95% confidence intervals in Figure 10c) was measured for the
intruders with initial height H/d; = 1 compared to the nominal initial height of H/d; = 0. While
determining the physical explanation for the larger rise-time variability corresponding to increased
initial intruder height requires more investigation, a possible explanation can be extrapolated from
the vibrofluidized bed case.!” Namely, small variation in the pressure gradient along the bed have
significant influence on the rise behavior in vibrofluidized beds.!” Similarly, more variability in
the pressure gradient could exist at the higher initial height than at the distributor plate for our
fluidized VSSUQ device, and therefore cause a larger standard deviation in the rise time for
particles initialized at H/dg = 1 compared to H/dg = 0.

The sensitivity of various aspects of initializing the segregation experiment on the rise time
for a single large intruder for U =214 cm/s (Or =4 SCFM at Prg = 15 psig) is rendered in Figure
11. These three tests demonstrate the relatively small influence of the irreducible uncertainty due
to inherent randomness compared to intentional changes in the operating condition. The impact of
the uncertainty in the initial position of the intruder particles at the center of the bed on the rise
time was tested by performing experiments with the intruder particle initially at the center of the
bed (base case) compared to intentionally placing the intruder at the corner of the distributor. The

differences in the intruder rise times for the base and corner cases are small but statistically
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significant. In particular, when the intruder is starting in the center of the bed (base case) the
measured rise time (7.5 + 0.9 s; mean + 95% confidence error) is slightly faster than when an
intruder is initially placed in the corner of the bed (8.3 + 0.8 s; mean = 95% confidence error). The
initial intruder location (center versus corner) does not significant affect rise time when the
particles are initialized at the distributor plate (based on overlapping 95% confidence intervals;
Figure 11), and the intruder initial axial position does not influence the mean rise time of intruders
(Figure 10). However, the influence of position in the same axial plane (center, corner, etc.) above
the distributor plate was not studied and may influence the rise time. Next, the influence of the
fluidizing gas initial flow effects on the rise time is compared in Figure 11 and labeled as “slow
start”. In this test, the on/off valve before the rotameter (see Figure 1a) was opened slower than
for the base case ( < 0.2 s for the gas to reach full-scale flow for the base case). Slowing the
fluidizing gas start-up time resulted in a statistically significant increase in the rise time (9 + 1 s;
mean = 95% confidence error) compared to the base case rise time (7.5 + 0.9 s; mean £+ 95%
confidence error). Finally, the effect of increasing the number of common particles from ~4,266
glass beads (mc = 177.45 g) to ~5,468 (mc = 227.47 g) is considered. Increasing the number of
common glass particles increased the rise time most significantly to 11.2 +£ 0.9 s (mean + 95%
confidence error). While a statistically significant change was found with the sensitivity tests
rendered in Figure 11, the rise time increase is much more sensitive to increasing the number of
common particles, i.e., increasing the distance that the intruders have to percolate through.
Similar to the increased rise time for a single large intruder in Figure 11, the rise time for
experiments with four, large-intruders increased when the mass of the common glass particles
increased from 177.45 g (~4,266 glass beads) to 227.47 g (~5,468 glass beads), for the same gas

velocity U = 183 cm/s (Qr = 3.6 SCFM; Prg = 12.5 psig) as depicted in Figure 12. This increase
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in intruder rise time (Figure 11 and Figure 12) is expected based on analogous prior reports for
vibration fluidized beds *°. Increasing the common glass particle bed mass results in an increase
in overall bed height (Figure 12b and Figure 12c¢). Thus, the intruder must travel a longer distance
(larger bed height) to rise to the top of the common particles. The change in rise time for the first
and second rising particles in the four, large-intruder case is statistically insignificant (indicated
by the overlapping 95% confidence intervals in Figure 12a). However, a statistically significant
difference in rise time exists for the third and fourth rising intruders, which is indicated by non-
overlapping 95% confidence intervals (represented by error bars) in Figure 12a. The larger error
bars on the rise times for the deeper glass-bead bed (m¢ = 277.47 g) correspond to larger
bubble/slug sizes as bubbles/slugs continue to grow as they move up the deeper bed 3'. The
variation in bed height due to bubbles/slugs is approximately 1 cm for the shallower glass bead
bed (mc = 177.45 g) and 1.5 to 3 cm for the deeper glass-bead bed (mc = 227.47 g). The larger
variability (represented by larger error bars) in the rise time for the intruders in the deeper bed is
likely explained by this larger variability in bubble behavior %, While the mc = 227.47 g bed is
approximately 1.3 times the mass of the mc = 177.45 g bed (which corresponds to the ratio of the
static bed heights), the ratio of average rise time for each intruder in rising order is approximately
1.3, 1.4, 1.5, and 1.6, respectively. The non-linear relationship between rise time, riser order, and
bed depth could be caused by a non-linear bubble growth rate as a function of bed height, but more
investigation is necessary to pinpoint the exact relationships.
4. Concluding Remarks

An increasingly important emphasis for the industrial application of multiphase numerical
methods is model evaluation efforts that includes validation and uncertainty quantification

(comparing model predictive uncertainty against experimental uncertainty). The uncertainty
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quantification analysis is particularly valuable, to inform decision makers of associated risks and
may reveal error in the model form (base assumptions, equations). Performing validation and a
full UQ analysis using CFD-DEM simulations with previous experimental datasets is
computationally prohibitive due to the large number of simulations required coupled with the large
number of particles in these earlier reports (see Table 1). It is worthwhile to note the uncertainty
propagation process requires uncertainty for all measured inputs, which highlights the importance
of reporting all experimental equipment details such as device accuracy, manufacturer names and
model numbers. Here, measurements from a series of experiments designed to enable analogous
CFD-DEM simulations at very low computational cost are presented. The very, very small-scale
nature of the experiments (~O(10°) particles) is meant to minimize the computational cost of
performing rigorous forward propagation of input uncertainties in CFD-DEM models.
Experimental segregation results from the VSSUQ fluidized bed are reported here with all
uncertain inputs characterized. The influence of particle density differences, particle size
differences, number of intruder particles, number of common particles and gas velocity on rise
time in fluidized bed experiments is studied. The rise time for intruders is significantly reduced
with increased superficial gas velocity and smaller bed height. Both the small and large HDPE
intruders have a smaller material density than the common glass particles, and therefore a density
difference drives segregation in both intruder cases. The small intruder (approximately the same
diameter as the common particles) rise times are significantly longer than the large intruder (almost
threefold larger than the common particles) rise times. The segregation of small intruders is mainly
driven by density differences with the common glass particles, whereas the large intruder
segregation is driven by size and density differences with the common glass beads, thereby

resulting in a faster rise time.
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Table 1. Overview of various previous experimental data sets for CFD-DEM model evaluation
(variables used for inputs in the table: particle diameter d, particle shape reported via sphericity ¢,
particle density pp, particle-particle sliding-friction coefficient uypp, particle-wall sliding-friction
coefficient uypw, particle-wall rolling-friction coefficient u-pw, particle-particle restitution
coefficient epp, particle-wall restitution coefficient eyw, particle-particle tangential restitution

coefficient By, particle-wall tangential restitution coefficient SBpw).

Table 2. System geometry and particle properties: Minimum, maximum and arithmetic average

values and availability of cumulative distribution function (CDF).

List of figure captions
Figure 1. (a) Schematic of experimental system and (b) image of fluidized bed. Number of

particles in the system ~O(10%).

Figure 2. Overview of characterization methods for particle properties (a) coefficient of restitution,
(b) size and shape, and (c) coefficient of friction. (a) and (c) are reproduced from LaMarche et al.*

with permission.

Figure 3. Particle size distribution of (a) small HDPE particles (small intruders), the common

glass particles, and (b) the large HDPE particles (large intruders).

Figure 4. The measured distributions of (a) coefficient of restitution, (b) particle shape and (c)

coefficient of friction.
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Figure 6. Side view images of four, large intruders rising in mgc = 177.45 g glass beads after
introducing air to fluidize the bed with (a) U= 183 cm/s (QOr = 3.6 SCFM; Prg = 12.5 psig) and
(b) U=214 cm/s (Qr = 4.0 SCFM; Prg = 15 psig). (The corresponding time ¢ is provided in the

top left corner of each frame.)

Figure 7. Rise time for four large intruders in glass beads for increasing air fluidization velocity.
Tests were performed with a bed of glass particles with a mass mgc = 177.45 g. Error bars

represent 95% confidence intervals.

Figure 8. (a) Rise time for two, large intruders in glass beads for U = 199 cm/s (QOr = 3.8 SCFM;
Prg =14 psig; mg =177.49 ) and U = 214 cm/s (Or = 4 SCFM; Prg = 15 psig; mc = 177.47 g).
(b) ) Rise time for two, large intruders in glass beads and four, large intruders for U = 214 cm/s

(Or =4 SCFM; Prg =15 psig; mg = 177.47 g). Error bars represent 95% confidence intervals.

Figure 9. Influence of intruder size on rise time for two intruders by a fluidizing air velocity of
214 cm/s (Qr = 4 SCFM; Prg = 15 psig) and common bed mass mc = 177.47 g. Inlayed in the
figure are images of the small- (top) and large-intruder (bottom) particles. Error bars represent 95%

confidence intervals.

Figure 10. Influence of initial intruder height on segregation (rise) time: images of two small
intruders at (a) H/dg = 0 (on top of the distributor plate) and (b) H/d; = 1 (on top of one layer of
common glass beads) and (c) the rise time for small intruders when initialized at H/dg = 0 and H/dg
=1 and for U= 213 cm/s (Or =4 SCFM and Pr¢ = 15 psig). Error bars represent 95% confidence

intervals.

Figure 11. Influence of large intruder initial position when sitting on the distributor plate (H/dg =

0), slow fluidizing gas velocity and increased number of common glass beads on the rise time
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when U =214 cm/s (Or =4 SCFM; Prg = 15 psig). Error bars represent 95% confidence

intervals.

Figure 12. (a) Influence of number of common glass beads on the rise time of four, large
intruders with U = 183 cm/s (Or = 3.6 SCFM; Prg = 12.5 psig). Image of the initial (static) bed
with mass of common glass beads (b) mc = 177.45 g and (¢) mc = 227.47 g. Error bars in (a)

represent 95% confidence intervals.
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Table 1. Overview of various previous experimental data sets for CFD-DEM model
evaluation (variables used for inputs in the table: particle diameter d, particle shape
reported via sphericity ¢, particle density p,, particle-particle sliding-friction coefficient
Hrpp, particle-wall sliding-friction coefficient uy,., particle-wall rolling-friction coefficient
Hrpw, particle-particle restitution coefficient e, particle-wall restitution coefficient ey,
particle-particle tangential restitution coefficient f3,,, particle-wall tangential restitution
coefficient Bpw).

Reference Experiment Number d Particle Range of Distribution ~ Uncertainty
type of (mm) (input) experimental of measured  provide for
particles, properties  uncertainty inputs experimental
N, reported associated (aleatoric output(s)
and/or with inputs uncertainty
measured  provided sources
(epistemic provided)
uncertainty
sources
provided)
Yuu et al. Rectangular 10° 031  d,pptypp No No No
(2000) 4 fluidized bed
Goldschmidt ~Segregationin  2.4x10* 1.5 d, pp, Wipp No Uncertainty
etal. (2003)  arectangular -10° and  Upw, €pps d, Pp, Wipp Wipws range
> fluidized bed 2.5 ews Bop  €opr €ows Bops reported
Bpw ﬁpw; not
provided for
gas phase flow
Link et al. Rectangular 2.5x10* 2.5 d, Py pp s Pps Wipp Wipws  NO No
(2004) ¢ fluidized bed Wpws €ops €npy €pws Bops
€pws Brp, Bpw ; Not
Bow provided for
gas phase flow
Link et al. Rectangular 2.5x10* 2.5 d, pps pp Qs Py ipp Uepws  NO No
(2005) 7 fluidized bed Hfpws €Epps €pps Epw, ,Bpps
€pws Brps Bpw; Not
ow provided for
gas phase flow
Link et al. Spouting 4.5x10* 4 d, pp, oy d, pp; Not No No
(2008) 8 rectangular Wepws €pps provided for
fluidized bed epws Lops gas phase flow
Bow
Mueller et Rectangular 9240 1.2 d, pp No No No
al. 2009)°  fluidized bed
Patil et al. Rectangular 10° — 0.5, d, pp, €pp, No No Distribution
(2015) 10 hot fluidized 5x103 1.0 Bops gas and time
bed and dependent
particle behavior
heat reported
capacity
LaMarche et  Fluidized bed 108 0.15 d, pp, ¢, d, o, wpp;not  d, P Uncertainty
al. (2015) "' (system scale- and i ey, provided for range
independent 0.3 the gas phase reported
validation)
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Wang etal.  Rectangular 1.6x10* 2.5 d No No Uncertainty
(2016) 12 fluidized bed range
with humidity reported
Gopalan et Rectangular 103 33 d, pp, P, d, pps O, tgpw, ~ Measured Uncertainty
al. (2016) 3 fluidized bed Wpws Lrpws — trpws €pps Epws but not range
(Small-scale €pp> Epws Bpw reported reported
challenge Bow
problem I)
Lietal. Rectangular 10 1.9 d,pp,gas  No No Distribution
(2017) 4 hot fluidized and and time
bed particle dependent
heat behavior
transfer reported
properties
Xu et al. Small 1.2x10° 0.9 d, pp No No Uncertainty
(2018) 15 circulating range
fluidized bed reported
Penn et. al Small 1.3x10° 1,3 d, ppttipps s tgpps €pp No Uncertainty
(2018) 16 cylindrical - e range
fluidized bed 6.2x10° reported
Fullmer et Jet fluidized 10° 6 d, P, pp, pp; Ranges d, shape, Uncertainty
al. (2018) 7 bed Hipp €pps provided for s €pp, range
gas phase flow reported
Boyceetal.  Small 1.3x10° 1,3 d, Pp, Wipps Ay Lipps €pp No Uncertainty
(2019) 18 cylindrical - e range
fluidized bed 6.2x10° reported
with central jet
Zhou et al. Rectangular 3x10% 2.5 d, pp No No No
(2020) fluidized bed
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Table 2. System geometry and particle properties: Minimum, maximum and arithmetic average

values and availability of cumulative distribution function (CDF).

Parameter (unit) Minimum Arithmetic mean Maximum CDF of values
available in
Supplemental
Material

System geometry

System geometry: Bed height 22.86 No
(cm)
System geometry: Bed width 3.809 3.811 3.813 No
(cm)
System geometry: Bed depth 3.807 3.809 3.811 No
(cm)

HDPE (intruder) Particle Properties

Large HDPE (intruder) particle 8.98 9.43 9.53 Yes
diameter, d (mm)

Large HDPE (intruder) particle 0.881 0.931 0.943 Yes
sphericity, ¢p 1

Small HDPE (intruder) particle 3.09 3.15 3.24 Yes
diameter, d (mm)

Small HDPE (intruder) particle 0.828 0.915 0.937 Yes
sphericity, ¢p.s

HDPE (intruder) intrinsic 0.93 0.95 0.97 No
density, 3% p (g/cm?3)

HDPE-HDPE (intruder- 0.787 0.822 0.851 Yes

Intruder) coefficient of
restitution, epp
HDPE-Glass (intruder- 0.741 0.823 0.840 Yes
Common) coefficient of
restitution, exg
HDPE-HDPE (intruder- 0.287 0.377 0.429 Yes
Intruder) coefficient of
friction, U mn
HDPE-Glass (intruder- 0.118 0.304 0.469 Yes
Common) coefficient of
friction, Ui sg

Glass (common) particle properties

Glass (common) particle 2.70 3.10 3.40 Yes
diameter, d (mm)

Glass (common) particle 0.848 0.939 0.948 Yes
sphericity, ¢4

Glass (intrinsic) density, p 2.28 2.51 2.85 No
(g/cm’)

Glass-glass coefficient of 0.926 0.9695 0.9932 Yes
restitution, egy

Glass-wall coefficient of 0.629 0.955 0.989 Yes

restitution, egw
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Yes
Yes

0.414
0.383

0.273
0.251

0.131
0.058

Glass-glass coefficient of
coefficient of friction, ux gw

friction, Uk gg
Glass-wall (glass-acrylic)






