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Abstract

The spatiatlistributionof solid particless a key factoaffecting the performance of fluidized
bed reactorsNortinvasive techniquesncluding radioactive particle tracking (RPT) and
positron emission particle tracking (PEPare deployed to measure the solids distribution.
Different methods to calibrate the particle tracking measurentevs beerdeveloped to
guantify mean solislconcentration. Irthis papergassolid flows in a traveling fluidized bed
are simulated with CHIDEM and the behavior of different particl@acluding bulk sand
particlesand tracer particlesare investigated. Theimulatedhydrodynamics areompared
with experimental measurements. Analyses are carriedtouerive the mean solid
concentration from #h tracer particle data. Different calibration approacheseramined
andthe simple calibration methods verified. It is shown that the mean sadidoncentration
can be measured reliably using representative tracer parfible®xperimentadRPT dataare
thenrevisited withthe new calibration method which yields maealisticresults.

Key words: coarse grained method; travelling fluidized bed; tracer particles; solids volume
fraction; particle tracking, computational fluid dynamics

Highlights:

Travelling fluidized beds simulated witha coarsegrain CFDDEM

The ®lids distribution derived from tracer data is verified numerically
A simplecalibrationmethod is examined and shown to be effective
Experimental data are revisited with the new c¢alibn method

1. Introduction

Gassolid fluidized beds are widely used in energy and chemical indagplcationsdue to

their good mixing and heat transfer ability. However, design and-spaté fluidized bed
reactors and optimization of the reagb@rformance are hindered by the lack of fundamental
knowledge of physical phenomena occurring in these systems. In diftdfiees andlabs
around the world, gasolid fluidized bed reactors are being designed, experimentally tested
and investigated. &tious invasive and neinvasive experimental techniques have been
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developed for hydrodynamic study of fluidized beds, but the merits and reliability of each
measurement techniqueveenot been challenged under a unified framework. In recent years,
an effat to benchmark different experimental techniques in a sswalle fluidized bed
system callech trdveling fluidized bedled bythe University of British Columbidias been
reported (Dubrawski et al., 2013Bebianian et al. 20HE}. This traveling fluidized bed is an
experimental setupf simple and elegant design which has been shippdaboratories in
three countriedogether withtwo types of particulate materia to conduct experimental
measurements at the same opagatonditions n order to benchmark different measurement
techniques. Overall, the key hydrodynamic measurements, inclutbogl solids
concentration(or voidage) particle velocity and solids flux determinedby different
experimental techniques produced reasanaguditative agreement but significant
guantitativediscrepanciegTebianian et al., 2015, 2016a, 2016b)

With the development ahnovative numerical schenseand advancedcomputer hardware,
CFD numerical simulation is becoming more and moed#iable capable not only in
comparison with small labcale experimental setuput also in predicting relatively large
scale fultloop fluidized bed systems. To this end, the experimental data collected through
different techniques from the traveling fluidizeddoprovide valuable data foesting the
validity of numerical simulationswith good indication of experimental error. Several
comparisos have been reported in the literature on numerical simulation of the traveling
fluidized bed. Gao (Gao et ak018a 20180 assessed the mesoscale solid stress in eoarse
grid TFM simulation and an enhanced filtered drag model by comparing numerical results
with experimental measurements. Vashisth et al. (26d&)pared predictions ahe EMMS

drag model againgtxperimatal data fronthe traveling fluidized bedn each of these cases,
experimental data obtained by different measurement technjgoesded a benchmark
database foevaluationof CFD models.

Numerical simulationkavealso been used to help understdigtrepanies among different
experimental measurements d@odjain insightinto fluidizedbed behavior. Xu et al. (20ap
conducted CFEDEM simulations ofthe traveling fluidized bed by tracking different tracer
particles to study thparticle velocity inside the system. Their results showed that the RPT
and PEPT tracer particles usadder identicalexperimentalconditionswere capable of
measuring bulk flow velocitieand discrepanes between resultsbtainedby two different
tracer methods were notused by thalifferences in the size or density of the tracer particles
They furthercomparedwo methods usetb determire averaged velocities through particle
tracking techniques, i.e. fa@verage approachaveraging velocities of particles crossing a
virtual plane over a period of time, and voluaerage approach averaging velocities of
particles passing through a defined volume over time. Their study showed significant
differences betweerboth computatioal and experimes results based onthese wo
approaches.

Among differenthydrodynamicvariables measured in the traveling fluidized bed system, the
solid holdup(or voidage)is the most fundamental onk has beemmeasured with Electrical
Capacitancdomography (ECT), Xay Computed Tomography (XCT), Radioactive Particle
Tracking (RPT), as well as spatially averaged values derived from pressure gradients and bed
expansionFor the range of experimental systems and operating conditions studies i

found thatlocal average solid holdup measurkdsed ordifferent experimentakechniques

varied from 0.20 to 0.45 at different locatiomghin the bed (Dubrawski et al., 2013).



In this study, we first verify the applicability of predicting typical sqt@ose slugging
phenomena in the travelling fluidized bed using cogrsen CFDDEM simulation. Then,
we describehe detailed methodolodyr obtaining the bulk solids volume fraction through
tracer particlestogetherwith different calibration methosl A simple calibration method is
verified numerically with respect to axial and radial solid distributiorfse €alibration
methodverified in the current studig thenapplied to the RPand PEPTexperimental data
for comparisonwith other measurementand previous analysisising a complicated
calibration procedute

2. Coarseqgrain DEM

Numerical simulation is a powerful tool for modeling iggdid motion Various models have
been used to predict the performance of fluidized systérdgferent cales(Lu et al., 208;

Xu et al., 2017a, Verma et al. 2016Among those models, CFBEDEM, where particle
motion, collisional forces and ggsrticle interactions an@acluded, has been demonstrated to
be able to capturd&ey flow features such abubbles andclusters. Also, particlscale
information including residence time, collisiah forces, and dispersion intensitieare
available for detailed analyses of complex flow phenomena. However, computational
expense is high, historically limitindpé application of CFEDEM to smaltscale systems (Li

et al., 2017; Xu et al2017hH. Today, even with the advanced parallelization technique and
latest hardware, simulations asgically limited to amaximum oftens ofmillion particles
(Walther and Sbakhrini, 2009; Jajagc et al., 2013; Yang et al., 2015; Tsuzuki and Aoki,
2016).1t is common that fine particles, usuafiynaller tharl00 pum are used in industrA
system with 100 particles of 100 pdiameterin each directioni.e. al-cm cube,contains
1,000,000 particles, already expensive CFD-DEM simulation while commerciakystems
deploybillions of particles.

Simulations reported here were conducted using the open source Multiphase Fldahewith
Interphase eXchanges (MRBiXode. Gas flow is modeled by solving the averaged Navier

Stokes equations for mass and momentum conservation, whereas the solid phase is modeled

by tracking individual particles using a discrete element method (DEM). Full details on the
governing equatios, together with the numerical implementation and coupling procedure, are

not presented here, but can be found elsewhere (Garg et al., 2012; Xu e4)., BRadically,

the motion of particle is descri bmwasegmym Ne wt c
techniqueis used to accelerate the computational speed by lumping many particles into
parcels taeducethe particles cour(Sakaiet al. 2014 Lu et al. 201k

It is important inthe current study to simulate the full particle size distribution (PSD) of the
bed material and account for the detailed physical properties of the tracer particles. It is
straightforward to incorporate an arbitrary distribution of particle properties, like and
density, in DEM simulations. Ithe current research, different statistical weightsaagigned

to particles of different diametersyhile the original polydisperse powder is scaled to a
coarse mondalisperse system with the same parcel.dimeet al. (2018) compared two types

of coarsegrain methods for a polgisperse systemlThe second approach, utilized in the
current research, was found to be suitable for fully fluidized system and it provided greater
computational efficiency than the firgp@roach By varying the real particles represented by
the coarsgrain numerical parcel, the full particle size distribution was captured. The
schematic in Figl illustrates how the coarggain approach is used in the current study to
accelerate the sinmation. Instead of tracking each individual particle, larger coegram
parces aresolved to represemroupsof true particlesavingidentical propertiesDetails on
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coarsegrain CFDDEM and its verification, validity and uncertainty,as well as its
application on multiscale problem can be found elsewhere (Lu et al., 2016gpaltvability
of this methodin modeling the traveling fluidized betas been tested the previouswork
which comparedlifferent tracer partickeand averaging techniquesrfparticle velocities in a
fluidized bedwith experimental results (Xu et al., 2019).

Original System Efficient for computation

ISame Size Parcel

Fig. 1. Coarseqgrain strategy for a polydisperse system

3. Simulation setting

The travelling fluidized bed is a robusmtdversatiletest platform for benchmarkindjfferent
experimental instrumentatier(Dubrawski et al., 2013). Th#uidized bed column and its

auxiliary apparatus can be easily disassembled, transported and remounted, ensuring identical
operation in different locationsfhe main component ia vertical cylindrical fluidization
columnconsisting of a 0.96 m long x 0.133 m i.d. dense bed section, surmounted by a 1.36 m
long I 0.190 m i.d. freeboard secti orhis with
configuration is illustrated in Fgg2(a)and (b)
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Fig. 2 Traveling fluidized bed (TFB) column: (a) assembled experimental setup; (b)
disassembled vieyand (c) simulation geometry

Silica sand (Lane Mountain LM5Q)articles wereused as thdluidized material These
particles travelled dgether with the equipment to further ensure identical operating
conditions at each participating location. The Sauter mean diamgdeof(the sand particles

is about 302 prand the particle density 2644 kg/nf, with aminimum fluidization velocity

of 0.0796 m/s and terminal settling velocity in air of 0.73 m/s. The powder belongs to
Geldart group BThe patrticle size distribution used in the simulation, which is the same as
the experimentally measured particle simgribution is plotted in Fig. 3 Experiments were
conducted using the RPT and PEPT techniques to measure the solid velocity of the bulk bed
material inside the system. For each measurement, a single tracer particle with density and
sizeas similar as pgsibleto the bulkparticles,was trackd as it travelleih the system for an
extended time period. Thkey properties of the bulk material and tracer particles are
provided in Table 1.

Table 1: Key properties of bulk sand particles and tracer partisksin the experimental

study
Particles: Sand RPT tracer PEPT tracer
Density (kg/n) 2644 2000 3000
Diameter (mm) 0.312t00.292 0.400 (single 0.300 (single




(Sauter mean) particle) particle)
Shape Irregular Nearly spherical Irregular
Number ofParticles 3,034,944 1000 1000

In current simulations, the computational domain is confiteethe bed section and the
disengagement zone as shown in.Rg( c ) . T h gy addevscosity {§) of( the
fluidizing gas(air) areset to 1.205 kg/fand 1.8 x 18 Pa.s, respectivelyAir flows into the

bed from the bottormwith a constant gas inlet velocity boundary conditamd leaves from

the top, with a constant gas outlet pressure boundary condition. -8lipavall boundary
condition is used fothe gas phase. The MFIX Cartesian grid-aeit technique is used to
specify the geometry, in which a Cartesian grid is used to discretize the computational
domain while boundary cells are truncated to resolve the shape. Details on the Cartesian grid
cut-cell methodare availableelsewhere (Dietiker, 2015; Kirkpatrick et al., 2003).
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Fig. 3 Particle size distributionf sandusedin the experimental tests

In the simulatios, each numerical parcel is of identical sizg~dl510 um representing
many real particles. By varying the number of real particles represensaaulnyerical parcel,
particles of different sizes can be simulated with the same parcel size. In total, about 3 million
numericalparticles with their key physical gperties corresponding tbe silica sang were
tracked with the cumulative particle size distributions (PSEjown in Fig 3. The particles
size,before and after thexperimentswasdetermined by a Malvern Instruments MasterSizer
2000. As can be seerfrom Fig.3 the sand particles became slighfiper after the
experimental runpresumablydue toattrition. Without accounting for this size change, a
mean distribution was used in the simulatibifferent tracer particles witla specific size
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and dengy were simulatedincluding 1000 RPT patrticles, 1000 PEPT particles and 1000
sand tracer particles. The bed was fluidjzeachinga stable state withiafew secondswith

110 s of simulation conducted in total. In pegstocessing, the first 10 s wedescarded to
exclude starup effects. During the simulations, tracer locasiandvelocitieswere saved at
100 Hz, whereasthe Euleriangrid-based flow field was saved at 2 for verificationof

flow field information derived from the tracer data

4. Results anddiscussion

4.1 Predicting squarenosed slug flow in travelling fluidized bed

In the TFB experimentshe bed ofsand particles was operatiedthe squarenosed slugging
flow regime (Tebianian et al., 204)6 instead of the more common axgmmetric round
nosed sludlow regime in which bulleshapedslugs rise through the dense phase which flow
downwards in an annular region surrounding the,silase to the wall. According to Grace
(1982), squar@mosed slhgging mainly happensn columns with smooth wallith the slugs
then occupyng the entire crossection of the column. The upward movement of the
interfaces is slowand largely caused by particles rainidgwn from the roof of the slugs
through the dilte gas sluggo their floors.

In the current work, two superficial velocitieg3.4 and 0.6 m/were simulated The results
showed that the squam®sed slugginglow regime can be captured successfully wath
combination ofparticleparticle (06) andparticlewall (0.1) friction coefficients asshownin

Fig. 4. The formation of aquareehosed slug, its movement and burst at the top of the bed
are shown. Small bubbles formed right above the distributor plate grow through coalescence
and finally occupythe whole column crossection to form the squaresedslugs. The

square slugisesslowly asparticles rain dowwardfrom theunderside of theoof. Fingering

due to RayleighTaylor instability canalsobe observed. Occasionallg,squarenosed slug
transforms into roundose slugausingsolidsto move downvardalong the wall.
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Fig 4. Simulation resultshowingformation, movement and burst of a typisgluarenosed
slug for a superficial gas velocity of 0.4 m/s

Transient resultgor the gas valme fraction, verticatomponent ofgas velocity, vertical
component ofiolids velociy and the particle ge distribution along the axial direction are
shown in Fig 5Note that all quantities presented in Fig. 5 are calculated based on the fluid
cells. For example, the mean solid velocity and Sauter mean diameter of particles are
calculated in each fluid cell by averaging over all particles in that cell.
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Fig. 5 Transiensimulation resultat t=82.70 s(a) Particle distribution along the bed; (b)
cortour plot of voidage of 0.65(c) local voidage; ¢l) vertical component of gas velocity
(m/s); @) vertical component of solid velocity (m/s); arifirthean particleiameter (um) (\¢

solid-phase vertical component of velocity calculated by averaging particle velocities in each
fluid cell; dso: Sauter mean diameter of particles in each fluid gg§=0.40 m/$.

Time-average result®r the gas volume fraction, vertl component of gas velocity, vertical
component of particle velocity and tiragerage distribution of mean particle diameter are
shown in Fig 6. Overall, the flow is relatively dilute in the central region and dense near the
wall. Transition fromthe bulbling flow regime in the lower region to the slugging regime in
the upper region can be identified. The numerical simulations prgvettctions that are
gualitatively consistenwith the experimental observati®n
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Figure 6. Sliced view of timaverage results for a superficial gas velocity of 0.4 m/s: (a)
time-average gas volume fraction; (b) tiragerage vertical component of gas velocity

(m/s); (c) timeaverage vertical component of particle velocity (m/s); andirfte-average
distribution of mean particle diameter.

4.2 Estimation of the solids volume fraction with tracer particles

Two tracer techniquesRPT from the Ecole Polytechnique de Mogat and PEPT fronthe
University of Birmingham were usedo measue particlevelocitiesin the traveling fluidized
bed. The data were further analyzed to determine thesspatialdistribution. These two
methods are nemtrusive which should contribute tmeasurement accuracy. In this section,
experimental procedes for measuring the solgspatiadistribution areutilized in the CFD
DEM simulation to verify the methodology.

In the experiments, one tracer particle fia@bwed, with itsposition and velocity recorded at
finite time intervad. By collecting suchdata for long enough tinse the mean solid
concentration can be deduced from the averaged possibility in the control \aflimterest

In practice it is very difficult to conduct simulationssting hours even for many minutes,
especially with millionsof particlesin the EulerLagrangian method herefore, m the current
simulations, instead of simulatiragn individualtracer particle1000 of each of thredifferent
types oftracer particleswere tracked for 100 s. Xu et al. (2018howedthat with tis
method, the average bulk paréicVelocities can be obtained successfully through the
informationobtained frontracer particles.
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Fig. 7(a) Trajectory of 1 of 1000 simulated RPT tracer particles for a superficial gas velocity
of 0.4 m/s (b) Crosssection averaged solids volume fractioom one RPT tracer particle
(blue line), theother 999 RPT tracer particles (green line) and the average solids volume
fraction of the 1000 RPT tracer particles (red lindr) Average solids volume fraction
profiles ofthreedifferenttypes oftracer particle andorrespondingverage profile

The solids volume fraction of the bulk particles in the control volume can be obfeined
thetracer particlanformation.The voidage in eactontrol volumecan bedetermined byhe
number of countswith RPT method or determined by theseudedensity mapsor

A o ¢ ¢ u pwatmtieeyPBP T method(Seville et al., 2009; Stein et al., 199However, it is
vital that these methodse calibrated propdy. The processingequred severalsteps Here

we use the solids volume fraction along the axial direction as an exdsrpteby tracking

the movement of each tracer partiakeafrequency of 100 Hz, the trajectory of each tracer
particle can be obtainedIn Fig. 7(a), the trajectory of 1 of 1000 simulated RPT tracer
particles for a superficial gas velocity of 0.4 nigsshown by blue lines for the entire
simulation of 106.The bed was divided into sections
m for each as shown in Figure 7(a)flhen the appearance of this tracer particle in each
section was countednd therdivided by the total number recordedsdetailed belowNext,

the trajectories odll the other999 RPT particlesveretreatedin the same manneas shown

by the green lines in Fig(b), and average valuasre obtainedy averaging the 1000 RPT
particles, as shown by the red line in Figure 7(b). Finallythake tracer particlesvere
analyzed as shown in Fig(c), whichindicatesthatthe threetracer particleprovidedvery
similar results. The average solids volume fraction along the axial directiontlcem be
obtained by averaging thkreedatasetscorresponding tthedifferent tracer particles.

A much simplercalibration methodwvas used in this researciWe ount the number of
appearance(x) of each tracer particle in @lume ;) of interestin the time span, then
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divide by the total number of appearasdX) registered in the whole bedlvhen particle
tracking in the whole bed isot available for examplefor the PEPT measurementhe total
number of appearances can be simply estimated from tracking duration and fredinrency.
possibility /) of a particle on averadeinglocatal in the volumeof interestin thetime span

is then

y =2
X (1)
Since there arg, particlesin the bed, the solids volume fraction can be calculated as
K (2)

wherey, is the volume of each particle.

Experimentally, two different methodsere reported by Dubrawski et al.(2013) One
involved dividing the number of counts registered in a particular (x,y,z) cell by the total
number of counts registered. Then divide byftiaetionalvolumeoccupied bythe cell, and
multiply by the bulk solids volume fraction of the particléis method can be expressed as:

— yl 3npvp Xirbvp (3)
° L VTotaI Vl

V.

Total

where Vqoa IS the average volume occupied by the partjcleisich can be determined
knowing the average bed heightJltimately, this method is similar tche approach used in
the simulationf the Vo IS canceled out, as shown in Equatiof8).

Another method was to divide individual cell counts by the number of counts of the slowest
detectable tracer velocity, and assume thattheespondinglowestparticle is moving at the
minimum fluidizationvelocity. The solid volume fraction in each cell can then be obtained
by calibrating against the solid volume fraction at minimum fluidization. However, it is
impossible to confirmthat the slowest tracer leeity corresponds to theminimum
fluidization state

Forthe tracer partickused, the influensof the tracer particle number and the average time
span need to be studied. Considering the variation in profiles shown. iINBidy different

tracer @rticles, manydataare needed to obtain statistically converged results. The average
solids volume fractiosiobtainedfrom different numbes oftracer particlesinddifferenttime
durationsare shown in Fig 8(a). The estimated solid volume fractions are quite robust and
show relativelyweak dependence on the tracer count and sampling period. As can be seen,
when thee are more than 50@acer particles wittan average time of 100 s, no noticeable
differencecan be seenThe resultshereafter ardrom 1000 tracer particles witan average

time span of 108.

On the other hand, with the CFD simulaspthe average solids volume fraction along the
axial direction can be obtained directljhen the solids volme fraction obtained from the
tracer particlescan be compared against the true quantity calculdtedttly in the CFD
simulation. The results are shown in Eig(b). Clearly,agood matctwasfound along the bed.

It should be noted that the method requires the tracer particle to be representative of the bulk
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solids. This is usually achieved by carefully choosing the physical properties for the tracer
particle. However, the accuracy wilbe compromisedwhen signifcant size/density
distributiors exist and segregation takglace.In addition, the method tends to falil if there is

a stagnant zone with limited solid mixingrevening the tracer fronpassng through.

1.4 —— 1000 tracer, 100s 1.4 —— CFD Bulk
-==- 500 tracer, 100s === 1000 tracer, 100s
1.2 —-— 100 tracer, 100s

------ 100 tracer, 50s
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Fig. 8 (a) Average solids volume fraction obtairfiein different numbes oftracer particles
followed fordifferentdurationsy(b) Comparison of solids volume fractitnom the tracer
particles and valugzredictedoy CFD.

4.3 Comparison of model predictions and experimental measurements
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() (b)
Fig. 9. Comparison of crossectioral average solids volume fraction along lpedvided by
simulation and different experimentatchniques(a) U;=0.40 m/s (b) U;=0.60 m/s

Further comparisa of the simulation andexperimental results§rom five different
experimental techniquesjcluding both invasive and neimvasive techniquesre shown in
Fig. 9. Sincethere was littledifference betweenirect CFD prediction andstimationfrom
different tracer particlesonly the former isshownin the comparisorior simplicity. Fig 9
indicates thafor both superficial gas velocitied)4=0.40 and 0.60 m/s, the numerical results
are n reasonable agreement with the experimental data. However, ateecensiderable
discrepanies amongthe experimental databtained based odifferent analysistechniques
with the experimentaRPT datashowingthe greatestdeviationfrom the otherexperimental
measurementsFor the RPT datathe calibration approackvas based onthe minimum
fluidization statgqDubrawski et al., 2013)hich is believedo beinaccuratelt is difficult to
comment on the cause thie discrepancies dhe other techgjues However, 1 is notablethat
the simulation results match well withe data frompressure dromeasurementhe standard
experimentamethod for measuring the axial sdigbldup
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