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Non-intrusive measurementand hydrodynamics
characterization of gassolid fluidized beds—A review
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Abstract

Gassolid fluidization is a welestablished technique to suspend or transport
particles and has been applied in a variety of industrial processes. Negsttbele
knowledge offluidization hydrodynamics is still limited for the design, seafeand
opemtion optimization of fluidized bed reactors. It is therefassential to
characterize the twphase flow behaviours in gaslid fluidized beds and monitor
the fluidization processes for control and optimizatiBnrange of mn-intrusive
techniques have been developed or propdsedeasuring the fluidization dynamic
parameters and monitoring the flow status without disturbing or distortingae f
fields. This paper presentscamprehensive review of thn-intrusive measurement
techniques and the gent state of knowledge and experieitéhe characterization
and monitoring of gassolid fluidized bedsThese techniques are classified into six
main categories as per sensing principles, electrostatic, acoustic em@sgion
vibration, visualization paticle tracking, laser Doppler anemometry and phase
Doppler anemometry as well as pressure fluctuation methods. Trendutmd f

developments in this field are also discussed.
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1. Introduction

1.1. Background

Gassolid fluidized bed are widely employed in industriglrocessesranging
from catalytic cracking of petroleum, polymerization, combustion and biomass
gasification, to pharmaceutical and foodustties The success of fluidized bedh
industryis owing totheir excellent heat and mass transfer capabiljti¢sHowever,
the methodology adopted for the desigoaleup, operation and control of fluidized
bedsstill largely relieson experienceather thartheoryto date. The main reasdor
this underdevelopmens that the flov structures, phase interactsoand multiscale
flow mechanismgn fluidized bed are extremely complex arstill far from well
understandingTherefore, how taacquirereliable data representing the fluidization
properties is an important issue. Meanwhile, the flow field should not be disturbed or
distorted during the measuremeat the fluidization parametersNon-intrusive
measurement techniques are thudely requiredfor hydrodynamicsharacterization
Until now, significant progress has been madethi@ nonintrusive measurement
techniquesattributed to the advances in instrumentation, signal processing and
computer technologs. However, the accuratemeasurement and@omprehensive
description of a fluidization process remain challenging in both technical and

scientific fields.



1.2. Nature of gas-solid fluidization

When applying a measuring instrumentadaboratoryor industrial gassolid
fluidized bed, the validity and accuracy thie measurement stronglyepend orthe
intrinsic complexity ofthe flow system such aghe heterogeneous phase distribution,
flow regime variation,velocity and acceleration of gas and solid phase, flow
disturbance as well as opacity of partic[@8s In essencesuch complexity andts
effecs on the process measurement ademinated by the nature ofgassolid
fluidization, which is necessary to be considered before we disousspecific
technique. Moreovethe diversity of fluidized beds gives rise to further complexity
and challengesFor instance, with the increase of operating gas velocity, a fluidized
bed can perform as the particulate, bubbling, slugging, turbulent and fastatongul
fluidized beds, which also rely on the particle type (Geldart A, B or D) and bed
geometry. In terms of shape, a cylindrical fluidized bed can be referred to as a
threedimensional (3D) fluidized bed, while a rectangular one with the depth much
smaller than the height and width is also named a qwasilimensional (quas2D)

fluidized bed.

1.2.1. Nonlinear and chaotic dynamics

Gassolid fluidized beds arecommonly regardedas nonlinear and chaotic
dynamic systemg§3], which show both irregular angbn-randomcharacteristicand
are extremely sensitive to small changes in initial condgiofwo initial states of a

system that are almost identical will develop in completely different ways after some



time [4]. That's whya fluidized bedcanexhibit differentflow behaviourseven ifit is
operatedn the same flow regime aunder thesamecondition.In addition noniinear
systens do not follow a single general criterion but tend to converge to certain steady
states, many of which are metastable eadtranst to new steady states rapidBj.
Such hydrodynamic characteristics are governed by complicaieithear dynamic
relationships, which are mainly controlled by different dynamic phenomenaring
inside the bedincluding but not limited tdubble formation, bubble coalescence and
splitting, bubble passage, particle movement as well as cluster rf@ijtiéiuctuaing
signals of pressure, voidage, electrostatic intensagperatureand so onare
therefore generated and oftatilized for flow field analysis. However, due to the
complexity, uncertainty and limited predictability of fluidization sysdeitnis difficult

to establiskexplicit relationships between the measured signaldfalcydrodynamic

parameters straightforwdly.

1.2.2. Multiscale characteristics and signal hybrid

In view of the fact thata gassolid fluidized bedis a typical complex system
composed of multiscale flow structures, it is often characterized by erhergen
properties,multiscale interactionsjnexpected behaviou@nd self-organization [5]

The characteristic scales @bw structuregangefrom the individual-particle levelto
cluster/bubble level anturther to bedlevel. The generation of such diverse flow
structuresis governed by the compromise betwettie dominant mechanisms at

different scales[5]. Eachkind of flow structureevokescertain characteristic signals



during its motionand evolution. Signals produced by different flow structures then
hybridize with each other, making the integrated signals even more inexplicable
Moreover some signals are intrinsically néwcal. Forexample disturbances ithe
pressure field of gas phase can be propagated thtbabked as a pressure wavéde
vibration signals collected bgn accelerometemay originate fromthe vibration
sourceswith different distances from the sensor.

Each measurement technique has sisecific temporal and spatial resolutgn
while noneis capable of providing equally valid information covering the whole
spectrum of scales and describing complete feataf a multiscale flow systefi].
Owing to the hybrid and multiscale characteristics of the flow signals|agiisal to
combine different techniquestogether to obtain théydrodynamicinformation at
different scalessimultaneouslyFurthermore decouplingthe rawsignalsis another

important stegor information extraction.

1.2.3. Particle backmixing

Different from the unidirectional solids flow in pneumatic transportation
pipelines, stronghackmixing of particlesoften occursin gassolid fluidized bed,
especiallyunder thedensephaseflow conditions. Rrticle backmixing can beaused
by different flow behaviours Firstly, the rising bubblescarrying particles intheir
wakeserupt above the bed surfadeading to particléalling along the wall. Secondly,
the shear of gas jet and bubbles may enhance the particle backmixing in emulsion

phase. Thirdly, the formation and breaking of particle clustersstisongthens particle



backmixing. Under the influence of particle backmixing, it is difficult to meatgwe
solids velocity accuratelygThe term solids velocity here stands for the average of all
instantaneous particle velocities within the sensing area, while the pantncle
velocity represents the instantaneous velocity of an individual partiete example,
electrostatic induction sensors are commonly used to measure the bulk solidg velocit
in unidirectional flow. Yet in a dengghase fluidized bed, they are only sensitive to
the movement of backmixing particles near the wallthout any infomation
provided about the solids flow in the central regiBarticle image velocimetry (PIV)
techniqueis rarelyapplied ona 3D densephase bed with strong particle backmixing,
since theimage quality of solids flow field in thecentral region is significantly

influenced by the particle curtains near the wall.

1.2.4. Particle size distribution and particle shape

According to the Geldart particle classificatiomterion [8], particlesin gassolid
flow systems areategorized into A, B, C and D groups based on their diasnetet
densites Particles belonging to different groups exhibit significantly different
fluidization properties. Apart from the mean diameter, particle size distribatsmn
affects theflow hydrodynamics. Awider size distribution giverise toincreased bed
expansion, decreased incipient fluidization velocity, higher minimum bubble velocity
and smaller bubbles with more gas passing through the emulsion[phd3#ferent
distributionsresult indistinctsolids mixing patterns such as complete mixing, partial

mixing, particle segregation and defluidizatiofil0]. Although the particle size



distribution can be easily obtained through anliof sieving method or a laser
particle analyzer, few techniques are available for thdinen measurement and
monitoring of it. In addition particles in may industrialfluidization processes are
non-spherical such as théighly-elongatedbiomass particles for thtaermochemical
conversion to syngdd1]. Particle shape aratientationaffectthe voidage and solids
velocity distribution. However, little attention has been paid in considering such
influences. It is even more difficult to measure the particle shapekne

continuously in a flow process using specific instruments.

1.2.5. Hot and dusty conditions

Attributed to the excellent capability of heat transfer, -gabd fluidized beds
serve as ideal reactors for exothermic reactjd2$. As a consequence, the sensors
and devicesinstalled onindustrial fluidized bed are required to withstand harsh
conditions. For example, the temperature inside an industrial fluidized bed boiler can
reach as high as 950 [13], which maks someconventionalkensors ineffective. In
sucha boiler, the flame produced by coal combustion may also distort the flioly fie
giving rise to low signato-noise ratig. In addition, the suspended dusay affect the
operation of optical sensors as the dust can contaminate the optical access windows,

obstruct the illumination light and even block the sensing paths.

1.3. Scope and structure of this review

Measurementechniquesapplied ingassolid fluidized bedsanbe characterized

as either intrusive or neintrusive. The ntrusive onedase on optical fiber probs



hot film anemometry, conductivity probeand thermocouplesall suffer from a
disadvantage of disturbinthe flow field and hencehe accuracy ofmneasurement
results. This review presents only the non-intrusive techniques, including theigsensin
principles, characteristics and current developmesitmal processing strategies are
also introduced where approprialdiere havalreadybeen some reviesxconcerning

the relevant topics in this fieldzor example,Yan [14] preserneéd a comprehensive
review of nonrestrictive techniques fdhe mass flow measuremeat pneumatically
conveyed sotls. Werther [15] introduced measurement techniques applicable to
fluidized bedswith a focus on intrusive probes, althougbnintrusive techniques,
such adLaser Doppler anemometrgammaray tomographyand msitron enission
particle tracking, werealso briefly reviewed. Tayebi et al.[16] reviewed the
measurementechniques for multiphase flow systemget aiming at theflow
diagnosis andaveraging proceduregor simulation validation rather thanthe
measurementand monitoring of fluidization processs Moreover, significant
developmentf the nondintrusive techniquehave emerged in recent years. This
review, covering boththe current and recent work over a wide range of topics, is
presented in a systematic way under six main categories, electrostatic, cacousti
emission and vibratiowjisualization particle tracking, laser Doppler anemometry and

phase Doppler anemometag wellas pressure fluctuation methods.

2. Electrostatic methods

Electrostatigpghenomenaxistwidely in gassolid fluidization processesTheyare



originated fromfrictional charging, tribeelectrification and contact charginghich
are induced by the particleparticle, fluidparticle and partie-wall contacs and
frictions [17]. The measurement of electrostatic cham@&svs the characterization of
different flow properties in a fluidized beéirstly, since the charge accumulation
significantly affects the fluidization operation and can cause particle aggithome
electrostatic discharge and even reactor shutd@®&n19],it is essential to quantify
the electrostatic chargef®r the purpose of monitoring and control. Until now,
extensive work has beenndertakento measureparticle electrostatic levelsn
gassolid fluidized bed [20-26]. Secondlybased onthe relationship between
electrification and solids motion,the electrostaticechniques have beesommonly
appliedin pneumatic transport pipelines toeasure theelocity, concentration and
mass flow rate ofsolids phase[14, 27-33]. However, developmentsf these
techniquedor the characterization dfow parametersn gassolid fluidized beds are
limited [34, 35].

The instrument&mployedto measurdhe electrostatic charges in fluidizdaobds
are classified a®lectrostaticsensorsand Faraday cup The electrostaticsensors
include bothcontacting (or collisionprobes and induction sensors [36]céntacting
probe in the form of a ball, hemisphere or rod is inserted into theahedllovs
direct charge transfer and measureniettveen the particles and the probe. It is thus
intrinsically intusive and suitable for thelectrostaticsignal collectionfrom the bed
center to the wall[However, lhelimitations of a contacting probe are the extra charge

generation due tthe particle collision anddhesionas well as the disturbances to the



flow field [17]. Therefore, the signalsom a contacting probe should hsed for
qualitative analysis rather thaguantitative measurementof flow parameters
Nevertheless, owing to the capabilityadfering informationabout charge distribution,
particle chargg¢o-mass ratio and even bubble rising velocity, contacting groaee
beenapplied more commonly than induction sensmigassolid fluidized bed$19,

22, 37-39]. In thigeview we will focus on the non-intrusive induction sensors.

2.1. Electrostatic induction sensors

Electrostaticinduction sensorshased onthe electrostatic inductiorprinciple,
performasa simplest type of field meteilhey areimmune to extra charge transfer
and are independent of net charge accumulation such as with contacting phabes.
output ofan electrostatianduction sensois in the form of aninduced charge signal
[40, 41] current signal26], or voltage signal35, 42] based on which the charge
distribution and charge level in a gsalid fluidized bed are obtainebh addition, the
solids velocity and relative concentration can be characterized througlostksctr
signal processing-ig. 1 showshe installation diagram @n induction sensor used to
measure the charge distribution around a rising bydble The sensor is made of an
insulated and circular copper disc (10 mm diameter), connected to the care of
coaxial cable, embedded in a Teflon cylinder and wrapped with a singleoktrip
conducting copper tape. The sensor is mounted flush with the outer wall to avoid
direct contact with particles. It is knovthat the movement of particles surrounding a

rising bubble is fiercer than that in the emulsion phassulting in stronger
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interactionamongthe particlesand more charggeneratedround the bubbléVhen a

bubble passethe sensor, thgariationin the induced chargess measured, with an
opposite sign to theariation of particle charges in front of the sensbhe charge
distribution around a bubble was then reconstructed from the signals collected by four
sensors radially placed on the rising path of the buptde 41]. However such
induction sensois only applicable taquast2D fluidized beds, since in a 3D bed, the
charges on particles away from the wall cannot be measured accurately due to the
limited spatial sensing range of the senkorddition, it is unlikely to determine the
absolute charges on particles directly from the induced electrostaticssigghadh are

dependent on solids velocity and concentration.

emulsion phase

1 cm diameter copper probe
bubble phase

. Teflon cylinder with copper shield

|l T =~ to charge amplifier
N

coaxial cable

f}J
i
Ji

“~ grounded shield on column wall

-

Plexiglas column wall ~— o _
~ Plexiglas column wall

Fig. 1.Installation of an electrostaticinduction sensor[40]

Apart fromthe induction sensowith a discshape, the arshapeoneshave also
beenappliedto gassolid fluidized bedsecently. Zhang et al35] measured the solids
velocity at different positions in a bubbling bed uylizing induction sensor array

Each sensor arrahas three layers, eachonsising of four identical areshape
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electrodeswith an equal spacingSgnals from the sensor arrayere processed
through crossorrelation to obtain the solids velocityowever, due to the chaotic
motion of particles in a dengmhase bed, the measurement accurasygnificantly
influenced by the strong backmixing of particles, and dbeelaton velocity only
reflects the activity of particle motion close to the waldong et al.[26] further
adopteda similar sensor array to measure télative charge leveln a bubbling bed
based onthe recorded induced current. Nevertheless, sincecuhent amplitude
dependsnot only on the chargeson particlesbut also onthe solids velocityand
concentration, the measured ‘charge level’ only qualitatively repreti@ntparticle
charges without taking the influences of solids velocity and concentration into
account.

Induction sensors used pneumatic transport systems are madeiraj-shape,
arcshape and stushape electrodel27]. Althoughthey are usually exposed to the
gassolid flow during the measuremerihe triboelectric charging and charge transfer
between theparticles andhe sensors can be significantly reduced by mounting the
sensors flush to the inner walllg addition,compared to a contacting probe, it is
easier to reconstruct the charge distribution from the signals, since thende8uef
contact charging can be reasonably ignarethis situation However,as mentioned
above, induction sensors are suitable foidatihg the variation of particle charges
rather than measuring their absolute vaarglthe spatial sensing ranges are confined
near the wallThe measurement accuraisythus affectedby the particle backmixing

near the wallBesides, induction sensors ares@ptible to drift and distortion. Special

12



designs aretherefore neededo overcome these problenig0]. Moreover, it is
difficult to embedthe ring-shapeand arcshape electrodes the walls ofindustrial
fluidized bedsDue to these limitations, further modificateoand developmestof
induction sensors are required to improve the measurement reliability for the

dense-phase and industrial fluidization systems.

2.2. Faraday cups

Faraday cups have been employedirecly measurghe cumulative net charges
onfluidized particlesbased on which the particle chatgemass ratias obtained [17
23, 43].Since the fluidizing gaseedsto be cut off to record charges on the dropped
particles, most Faraday cups can be considered as intrusive dime aféviceq17,
23, 43] Until now, the only ‘norintrusivé Faraday cupseems to be the one
developed by Mehrani et al. [20, 44], as shown in Fig.h2 bed itself is employed as
the inner Faraday cup and a second column as the outer cup. Three sections made of
different materials constitute the inner column with 0.1 m diameter and 2.1 m height.
The middle section made of copper is connected to the both ends of the Teflon
sections and to an electrometer to measure the charges induced on the column wall.
The top expanded section made of Plexiglas is to reduce the entrainment of fine
particles. The copper outer column is grounded to eliminate the alxedectrical
interferenceslt was shown that the fine particles leaving the bed resulted in the
build-up of net charges inside the bed, while the charging effects of the pgdscle

contact and gas ionization were negligible. Although the conventional Faraday cups

13



suffer fromstrong interferences to the flow field and generation of extra charges when
handling particles, this ‘nemtrusive’ Faraday cup has no suttawbacksHowever,
the approactonly allows themeasurment oftotal net charges in a fiized bed and

is thus unable to provide any information abtié charge distributioan particles

Gas In

Pressure
Transducers

Bubble
Injecror Teflon S i

N = Al Logagon.

Aeaswramen Bog o
4

~

......... 3 L)
Teflon Windbax * Electrometer
_________ -1 1 I

-
Hygrometer |

Gas In ir

Fig. 2. A ‘'non-intrusive’ Faraday-cup measurement systerfé4]

It is known that due to the complex nature of electrostatic phenomena, the
electrostatic signals collected from a fluidized bed are dependent on many, factors
such as solids velocity, solids concentration, particle properties (e.g. &, s
hardness), humidityand temperatureTherefore, it is important to decouple and
extract different hydrodynamic information from thlectrostatic signals. For instance,
the solids velocity is measured through a pair of axially spaced elettrastlction
sensors in combination with cressrrelation processing. Such measurement is

principally independent of the signal amplitude, frlem variations in particle

14



properties and humidity, and suitable for a wide range of flow conditieigeal
processing electronics with an automatic gain control mechanism can also be used t
maintain an optimum signal ranff2/]. In addition, the relative solids concentration is
indicated by the root mean square of electrostatic sifh2]sThe particle size can be
determined through the combination of electrostatic sensors and piezoeltdocss

[45]. Normally particles are fluidized for 2063 min prior to electrostatic
measurement to achieve a saturated charged state, and the particle bpeudity

and temperaturare keptunchangedduring the measuremeny this meansthe
influence of other parameter®n the electrostatic measuremast eliminated or

reduced

3. Acoustic emission and vibration methods

Acoustic emission{AE) and mechanical vibratiormeasurementechniques are
bothuseful toos for monitoring process status and characteriziggamic parameters.
Although the setup of AE andbration measuremens quite different for various
processegheir basicequipments similar [46]. A sensor or a sensor array is used to
collect the acoustic pressure fluctuation/vibration signals, which are therfiadhpli
with the undesired frequency components filteredt. The amplified signals are
finally convertedinto a digital form for display o an oscilloscop®r analysis ora
spectrum analyzer or@mputer In the followingsectionsve will review anddiscuss

the AE and vibration techniques appliedyassolid fluidized beds.
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3.1. Acoustic emission sensors

Acoustic emission (AE) caused Hye physical and chemical events occurring in
a procesgan provide valuable informaticsboutwhat is happeningn the process
[46]. AE measurementhence allows the realtime, online and norntrusive
monitoring of a process without direct contdotthe vessel or pipelines. Two
methodsarecommonlyutilized for the implementation of AE measuremerihe first
is the active AE technique, in which a higfequency acoustic wave tsansmitted
through the materiainder tesand the changes the attenuation and speed of sound
are measuredn orderto monitorthe process statusrhis methodhas been widely
applied inthefood processingndustry asreviewed by M€lementgd47]. The second
methodis the passive AE technique, in whidhe acoustic signalgroducedby the
process itself are acquired aadalyzedto characterizehe flow behaviours.There
have been attempts to applyis technique tothe onrline monitoring ofgassolid
fluidized beds. Howevemany challenges remain to be resolved, particulanlyhe
interpretationof andthe hydrodynamic information extractidnom AE signals This
review will focus on the applicatienof the passive AE techniquéo gassolid

fluidized beds.

3.1.1. Microphones

Audio in the air (frequenisin 20 Hz-20 kHz) can besensedy a microphone,
which convertghe acoustic signals into electricahes.Some microphonesmploy

piezoelectric crystalsfor the signal conversion, while other®.g. condenser
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microphones)are based on therinciple of capaciance sensingln a condenser
microphone, a thin membrane is exposed to the sound field and the movement of the
membrane alters the spacing of a parallel plate capacitor. The shamgpacitance

then result inthe changes in the voltage across the capacitd6]. A typical setup of

the microphone measurement appliedaogassolid fluidized bed is shown in Fi§.

In this casetwo microphonesare fitted to two circular mounted surfaces that are
inclined 60 above the horizontallaneto improve the recording qualitfignals from

the microphones are amplified through a mixing console and sent to a data logger
where the signals are digitizg4B]. Zukowski [49, 50] usea single microphonen a
bubbling fluidized bed to colledhe AE signalsgenerated by the combustion of
premixed natural gas and air. The combustion occurring positionthendubble
explosion pattern were analyzed directly from the signal shape, while guerfiey of
bubble explosion was determined through a special algorithm. Although this work
sheds some light on the tine measurement of bubblehaviours the information
obtainedis still insufficient to characterize the complex flow dynamics ingfoe
fluidized bed. A main factor thataffects the reliability and accuracy othe
measuremenis the strong background noise. Therefore, signal processing methods
should be applied to extract valid information from the raw AE signals. Forpdgam
time domain analysis, frequency domain analysis and state space analysissmethod
wereemployed to characterizee dynamic propertida asluggingfluidized bed[48].
Moreover, microphoneshave beenutilized to identify initial and full minimum

fluidization state$51], as well as to determine tHaidization qualityduringa drying
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Fig. 3. Microphone measuremensystem[48]

Microphonesaresimple, lowcost and noiintrusive measuremenevices andare
easyto install onfluidized beds. Howevetheyhaveseveral significant disadvantages.
Firstly, they shouldbe located externally tohe fluidized bed, which makes the AE
signals easily contaminated Hyackground noise, mechanical vibration aned
responseSecondly, microphones are unsuitable for thesuneement ofocal flow
parameters due to their lowpatial sensitivity and resolution. Therefore, the
differences in the frequency characteristics of the signals at diffleresttionscan
hardly be identified through a single microphone or a microphmag.d hirdly, the
vibration signals generated by particle motion cannot be collected by apihmcre,

which results in loss of information abdbhesolids flow.

3.1.2. Piezodlectric acoustic sensors

An acoustic sensas a device that converthe acoustic pressure fluctuation to an

18



electric current. The most commonly used AE sensors ws@asfluidized beds are
based on the piezoelectric effect of piezoelectric crystatich producemall electric
charges when acted upon pgessure fluatation [46]. Compared to accelerometers,
AE sensors arenore sensitive to the highdrequency signalgenerated byarticle
collision and friction and hencenoresuitable for the measurement and monitoring of
the particlerelated hydrodynamic parametew.typical AE measurement system
applied on a gasolid fluidized bed ischematically shown in Fig. 4. The sensor is
normally mounted on the outer wall of the bddng et al[53] proposed a main
frequency model to determine th®erageparticle size in a fluidized bed from the

power spectrum of the AE signdlhe model is expressed as,

2 (UsDO)l/S

f=| | &

5.7 Dz/5@6/5p52/5

where f represents the main frequency thie AE signal, U, the superficial gas
velocity, D, an empirical constanD) the elastic modulus constani_p the average
particle diameterp, the particle densitylt was found from a series of experiments

on industrial beds that the deviation of particle sizes through the main frequency
model and through the conventional sieving method was less than [88%
Moreover, the frequency distribution of AE energy was used to predict the
agglomeration occurrende a laboratory bed. When an artificial agglomerate was
added,the dominant frequency range of the AE energy rdofrem microscale
(15.63~250 kHz) to mesoscale (3.92~16.53 kHz). Although this work does not

provide accur predictionof the particle size, it has been demonstrated that the AE
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sensor is promising for ¢honline monitoring of particle size and agglomeration
occurrence. Furthermore, the multiscale characteristics of AE sigaaisiterpreted

in detail byHe et al[7]. The AE signals were decomposed via wavelet transform into
the macroscale, mesoscale and microscale components, based on which a prediction
model of particle size distribution was proposed. The average absolute deviation of
the patrticle size distributioobtained through themodelfrom thatthrough thesieving
method was no more than 2.14%, while the relative deviatidheaverage particle

size was no more than 4.69%was also shown that the AE signals mainly represent
the particle motion at microscabes well as the dynamic interactions betwdes
particles and bubbles at mesoscdleis work has provethe advantage ofvavelet
transform for the prediction of particle size distributionover Fourier transform.
Subsequently, Ren et 4b4] applied the same model to an industrial fluidized bed
andpredicted the onset of particle agglomeration baseth@abnormalpartide size

distribution

]

Fluidized bed
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Fig. 4. Acoustic emission measurement system
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Apart from the particle size prediction, AE sensti@ve beenutilized to
characterize the solids flow patteand bubble dynamias gassolid fluidized bed.
Different flow patterns such as the mudirculation and single circulatiomvere
identified based on the axial profiles of the timeeraged AE enerd5]. Similarly,
the temporal distribution and derivativetbe AE energywereused to determine the
flow regime transition, the minimum fluidization velocity as well as the onset of
turbulent fluidization[56]. In addition, information about the bubble dynamics was
obtained from the envelope tiie AE signals, such as the position, velocity and
frequency of bubble§7]. It was found that moreeliable estimation of the bubble
velocity was achieved by the AE measurement instead of the presstitatftn
measurement, due to the more complex compositions and less localization of the
pressure signals. Besides, at the bed surface, AE signals were sijjlastcbeensitive
to the bubble motion, while the pressure signals became quite weak [57].

AE sensorfiaveadvantages ofersatility, small dimension, wide frequen@nge
high temporal resolution, low cosind robustnessSince they are sensitive tdhe
microscale and mesoscale flow signals that representp#ngcle motion and
particlerelated interactiosy it is logical to characterize the partidevel flow
hydrodynamics through AE measurement in combination t#gmultiscale analysis
methodge.g.wavelet transformn However, the widespread application of AE sensors
still faces several challengeiirstly, the sampling rates of AE sensors must be high
enoughin orderto capture theflow signals at higHrequencies, which makes it

necessary to use higierformance data acquisition systems for data logging and
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processing, especially when an AE sensor arragliptedto collectmultiple signals
simultaneously. SecondlyAE signals areoften hybrid and may originate from
differentsources, including background noi#tels therefore important tdevelop the
signal processing techniques to accurately extract the characteristicatforabout
various flow behaviours from the raw signal§hirdly, since assumptions or
simplifications are often used when modeling a process bastt & signals,the

reliability of the predicted results is sometimes doubtful.

3.2. Accelerometers

Mechanical vibration carbe considered as an oscillatory motion about a
reference position, which can further generaseres andsice versa [58]. In order to
obtainthe information abouthe physical phenomena encodedtire vibration, it is
necessary to characterize the oscillatory motion in terms of both amplitude and
frequency.An accelerometer is a devite measure the acceleration tbi vibration
experienced by an objectThe particle motion and bulk dynamic® gassolid
fluidized bedscanthusbe characterizedsingaccelerometersSince the measurement
setup of an accelerometer on a fluidized bed is similar to thah 8fE sensor its

schematic diagram is omitted to avoid duplication.

3.2.1. Characterization of particle motion

The particle motionin a gassolid fluidized bedalwaysexhibitsstrong fluctuaton,
owing to the fiercdy rising bubbles and gas stream. An important parameter to

indicate the intensity of particle fluctuating movemens namedthe granular
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temperaturé@ and defineds[59],

0=§(022+a§+ar2) (2)
and

of =X Wi —vm)  i=z07 (3)
where g} is the variance of particle velocitht the total number of samples; the
particle velocity in the direction v,, the mean ofv;, and z, 8,r stand for the axial,
tangential and radial directions, respectively. Cody et[G), 61] developed an
acoustic shot noise (ASN) techniqte estimate the granular temperatuieng an
accelerometerThe particle velocitywas determinedfrom the acceleration power
spectrum in combination with a watansfer function, which was obtained through a
series ofhammefimpactexcitation experimentBased on the fact that the particle
impacts on the wall gemate both acceleration and AE signals, Wang ef58l.
further proposeda semiempirical formula to describe the relationship between
granular temperature and AE energy (represented by the amplitude of msi).dtg
was found thathe granular temperature varied proportionally to the AE energy, and
both were suitable for thedication of solids flow pattern and flow regime transition
in a fluidized bed56]. Furthermore accelerometers wengsedon liquid-containing
fluidized bed to characterize the bed fluiditgnd detect the occurrence of particle

agglomerat¢s2, 62].
3.2.2. Characterization of bulk and bubble dynamics

Apart from the characterization of partigielated hydrodynamic properties,
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accelerometers caprovide information about the bulk and bubble dynamics in a
fluidized bed.Unlike the conventional acceleration measurement, deiVietral.[58]
focused on the acceleration signaishe frequencies lower than 20 Hz, since most of
the bulk and bubble behaviouogcurat relatively low frequencieslilbert transform
was employed to recover the envelpmcesses and to extract the {vegquency
informationfrom the originakignals.Based orcrosscorrelation analysis between the
envelos and pressure signals, the mechanical vibradod pressure fluctuation
were proven to be related procesd®g.further comparing theKolmogorov entropy
and powerspectraldensity (PSD) of the envelopes and pressure sighalas shown
that the fluidization regime transitions were determined throughatoeleration
measurementA hypothesis was therefore proposed it conventional pressure
transmitters couldbe replaced with accelerometers for-lme monitoring and
dynamic diagnosig63]. In fact, the acceleration siggatan be considered as an
extension or shift ofthe pressure fluctuation intthe higherfrequency regios [64].
Naturally, the lowfrequency flow information should be encoded in the envelopes of
the acceleration signals, which are directly related to the presgaads distributed at
2~8 Hz.From a theoretical point of view, Briongos et [@5] proposed a model to
account for the interaction between the acoustic pressure field and vepsekegs
revealing a close relationship between the pressure fluctuation and vilsigtials. It
was alsoshown that the envelope time seneflect the flow-dynamic forces, while
the acceleration signals representde dynamical response of structareBy

analysing the acceleration signals through statistical methods, wavegfbitnarand
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Fourier transform, the fluidization regime transition and the formation of bubbles and
clusters were also characteriz¢@6, 67]. However, such analysis leads to a
conclusion that the characteristic vibration frequency of bubble motion is in the range
of 1000~3000 Hz, which is much higher thiat obtained usinghe lowfrequency
acceleromet€63] and pressure fluctuation method [68].

Since the particleelated hydrodynamic information is mairgynbeddedn the
high-frequency AE signals, accelerometers are more suitable for the chasdicteriz
of bulk and bubble dynamicélthough an accelerometers an applicable alternative
to a pressure transmitteno significant advantage or extra information can be
provideduntil now. Some of the lowfrequency information even cannot be recovered
from the acceleratiorenvelopes, duéo the poor signal emission and measurement
construction [63]However, accelerometers are still promising Hmdrusive sensors

with similar advantagesf AE sensorgSection3.1.2).

4. Visualization methods

Visualizationis an intuitiveand straightforward wato characterizéhe gassolid
flow field, which can provideextensiveinformation aboutthe bubble properties,
voidage distributioras well asparticle motion If the observedvesselis of a good
optical access and the volume fraction tbé dispersed phase is lova direct
photographic techniquean be applied Otherwise alternative methodsuch as
radiograply, nuclear magnetic resonaniceaging(NMRI) and tomographymay have

to beutilized to visualize the flow insidthe vessel
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4.1. Photographic technique

The darge coupled deviceCCD) camera isthe most commonly used
photographiadevicefor investigating thebubble motion and soliddow in fluidized
beds [69-72].A typical schematic diagram dhe CCD photographyneasurement
setupis shown in Fig5 [73]. The light coming from a Nd:YAG pulddaser is shaped
into a sheet bywo cylindrical lenses L1 and L2 to illuminate a plane through a
transparentvindow on thebed. A telecentric lens is used to image the illuminated
plane onto the CCD sensdihe optical axis of the imaging system is perpendicular to
the laser sheett is noteworthy that some CCithagingsystems employ a spot light
or a strobe light instead of the lastreetfor illumination [71, 74]. High-quality
images wer@btained by carefully adjusting the camera (focus) and selecting the laser
intensity for different operation conditions. Byocessing the recorded imagéds
bubble dynamic behaviours and particle agglomerati@ne characterized[73].
However, thesolids velocity field is difficult to resolve due to lirad spatial
resolutionof the cameraParticle Image Velocimetry (PIV) in combination with CCD
photographys therefore required tpresenthe solids flow at a particle level. We will

discusghis separately isection4.2.
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Fig. 5. CCD photography measurementsystem[73]

4.1.1. Characterization of bubble dynamics

CCD photography in combination wittligital image aalysiswere employedto
acquire the bubble dynamic information, including the position, dimensiorsupold
velocity and bubble splitting occurrend@l1, 74, 75] The original images were
processed through thresholding, indexififering of false bubbles and peripheral
voids as well as property recordirj@dl]. Each imagevas treatedhrough these steps
individually. If the field of camera view is smaller than the investigated sedcio
calibration methods required to reject the split bubblg&t]. Busciglio et al.[71]
introduced two approaches to measure the bubble velocity, named the Eulerian
velocimetry and Lagrangian velocimetry, respectively. The Eulerian meéshoased
on the crosscorrelation of bubble positions between the pairs of subsequent images.
dominant correlation peak is shown in the background of noise peaks, wikake
location corresponding to the average bubble displacement. The bubble velocity is

then obtained from the most likely displacement vectaromjunctionwith the time
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delay between two images. In the Lagrangian approach, each bubble is numbered in
the first frame and tracked in different frames. A crucial step is to locatbldebin

the subsegent frame with a displacement physically consistent and to assign the same
number of the bubble in the first frame. If more than one bubble meet this condition,
the same number of the bubble in the first frame will be assigned to the one in the
second frene which exhibitsa minimum distance from the bubble in the first frame.
Once thaising bubbles are indexed,is possible to measure other local properties of

thebubbles as well as their evolution with time.

4.1.2. Characterization of particle clusters and agglomerate

In a fluidized bedparticle clusters and agglomerate are defined as regions with
higher solids concentration relative to the mean solids concentration, atech
formed by a large number of particles assemUlittj. Suchparticlegroups move as
a whole without obvious internal slip motion. According to the classification proposed
by Horio andClift [77], the agglomerate is generated by particles joining together
owing to the inter-particle forces,while the clusters are formed due to the
hydrodynamic effects. However, the teagglomerate is sometimes refeed to as
cluster, although the clusters showing reversible conversitmindividual particles
could beprecursors of the particlagglomerateAs a potential risk for the normal
operation of an industrial fluidized bedarficle agglomeration can be considered as
an early warning of the fluidization fault occurrer{@®]. The agglomerate can be

caused by inteparticle cohesive forcg¢73, 79|, electrostatic effect$25], liquid
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addition [62]as well as high temperaturéB]. By using CCD photography and image
processingtechniques, the size and shape of agglomerate in a fluidizedvdred
characterized73]. Firstly, a thresholding methodias applied to convert all the
‘aggregates’ to red color on an image. Then with the increase of thresholdthelex,
background noisavas gradually removed. By carefully comparing the thresholding
image with the orginal one, a final image was confirmed and the agglomerate
properties were determinedHowever, each imagevas required to be treated
individually due to the different levels of background noise, and the determination of
threshold value is primarily basesh experience, making the image prooess
time-consuming andess reliable Moreover, the particle agglomerate is defined
throughthe observation of original images, whibhing subjectivaenfluences on the
measurement results and makes this technigsaitable for the reagime monitoring

of agglomerate formation.

Particle clustereommonlyexist in circulating fluidized bed&€CFBs) They are
mesoscale heterogeneous flow structures and continuously formed and broken due to
the interactions with gastream [80]. By using a video camera and multiple
lasersheet technique, Horio andlift [77] obtaned the shape, size and velocity
distribution of clusters irthe dilute phase transportation regintéhew et al.[81]
employed a higispeed video camera to charactetize particle clusters in a dilute
riser The area percent occupied by clusters were obtained from the images and the
duration and frequency of clusters were calculated from the plot of area pensers v

time.
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The photographic technique, which provides atuiiive way to probethe
fluidization behaviours, has been widely used foithe visualization and
characterizatiomf flow structures. The hydrodynamic information obtained ftbm
image analysiss also suitable fovalidation of computationainodels However,the
requirement of transparent wadl or access windows significantly limits the
application ofthe technique tothe opaque industriabeds.Besides, in a&3D bed,
images ofthe central regiorare blurred by the particles near the watksultingin
difficulties for the identification of flow structure$his may be the reason why the
cluster dimensions measured by different reseasc exhibit obvious discrepancies
[77, 82, 83].Moreover, the reliability of image processing (suchtlas threshold
setting depends orthe subjective judgementsf the researcherto someextent.
Despitethese drawbacks, the photographic technique is still a promising approach to
the ondine measuremenand monitoringof fluidization parameters, as long as the

image processing techniques are improved

4.2. Particle image velocimetry

4.2.1. Measurement of solids velocity field

Particleimage velocimetry(PIV) is a well-known nonintrusive techniquédor
measuringhesolids flow field ina fluidized bed84-89]. Although the configuration
of PIV systens variesin different applicatios, it mainly consistsof a CCD camera, a
light source and a computer with image processing software, as shown. i Fig

Besides, an electrical motor with a rotating transparg@lyor a PIV controlle89]
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canalso be included in the system. The rotating transparency is used to determine the
direction of particle velocity by analysing the order of the colours in aksimezge,
as displayed ifrig. 6b). A streak records the distance that a particle travels in a given
time interval determined hbiyne cameraThe instantaneous velocity components of an
individual particleare therefore calculatdtbm [85],

¢, or cg = (L/t)cosa (4)

c, = (L/t)sina (5)
whereL represents the streak lengttithe angle between the streak and the horizontal
direction,t the inverse of the camera shutter spegd;s andc; the radial, tangential
and vertical velocity components of a particle, respectively. In spite o$ithgle
sensing principle, the PIV relying on the streak observation requires tediousl manua
analysis and is therefore limited to the measurement of the dilute flow in2jdasi

beds.
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Fig. 6.PIV system (a) sensingarrangement, (b) a typical streak image captured bythe

CCD camera[88]

For thedensephase flow, an alternativel\VV approachs to measure the particle
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velocity without the identification of strea86, 89] In this approach, a recorded
image is divided intdlifferentinterrogation areas, and the crassrelation analysis is
implemented on the two consecutive images to obtain the vedweraged particle
displacement,. In combination with the time intervalt between the two images,
the average particle velocity in each interrogation area is determirosgl

vp(x, t) = % (6)
where M represents the magnification tife image.However, the exact number of
particles in each interrogation zone cannot be deterntmedighthe PIV software
automatically. Amodificationis hence requiredo correct the higivelocity regions
with alow particle concentratigrwhen measuring the velocity field of the emulsion
phase in a fluidized bed. Laverman et[86] used a imageanalysis baseghase
separation technique to distinguish thhebblesfrom emulsion phaself the pixel
intensityon an image is lower than a threshold value, the pixel area is assigned to the
bubble phase, otherwise, to the emulsion phase, the disadvantages of this
correction method are the usage af prescribd threshold value andhe
characterization of solids fraction by merely uspigel intensity In addition, the
local variation of solids fraction cannot be accounted for due to the ‘binary’ approach
that every pixel is set either to ‘0’ (for the bubble phase) or to ‘1’ (for nmelseon
phase)90]. van Buijtenen et a[90] andde Jong et al[91] developedligital image
analysis methods to translate the apparent 2D solids volume fraction to truea3D dat

using theatrtificial images of solids distribution obtained from Discrete Element

Model (DEM) and Discrete Particle Model (DPM) simulations. In combinatioh wit
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the PIVsolids velocity field, thenternalsolids flux profilesin the spout and bubbling

fluidized beds were obtained, respectively.

4.2.2. Characterization of particle stress and Reynolds stress

The particle velocitydatameasured by a kinetic theory based PIV system has
shown that two kinds of turbulence (or naméeé fluctuation)exist in a gassolid
fluidized bed [92, 93]0ne is the random oscillation ah individualparticle scale
represented by the <alled laminar particle stress dhe laminar granular
temperature. The other is the turbulence causeatidaypotion of clusters/bubbles and
is characterizedby the Reynolds stress dhe turbulent granular temperaturéhe
laminar particle stress is defined directly from the instantangaticle fluctuation
velocity in the axial, radial or tangential directiomhich is obtainedfrom the streak
propertiesn each frame othe PIV imagesTheReynolds stress momputed based on
the hydrodynantc particle fluctuation velocity in the axial, radial or tangential
direction, whichis the average ahe instantaneous particle velocitiaseach frame of
thePIV images Correspondinglythelaminar granular temperatureggpressed ahe
average ofthe laminar particlenormal stresgs in dl three directions, whilehe
turbulent granular temperature is determined by the averaihpe Beynolds stress
in the three directions [88]. More detailed definitionsabout the two granular
temperature can be found in Kashyap’s Ph.D. TH8dis Moreover, the distribution
of granular temperature is an indication of the flow regime and solids mixingrpatter

in a fluidized bed.
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4.2.3. Characterization of solids dispersion coefficients

Solids dspersion coefficient is an important parameterdescribe the solids
mixing behavioursandvarieshby at least five orders of magnitude, mainly due to the
differences in the system geometries, operation conditions, measuremergueshni
and even the definitions of dispersion coefficient in differeotkf95, 96]. The PIV
measured particle velocity data can also be usethlttulatethe solids dispersion
coefficiens throughanautocorrelation method. Corresponding to the solids mixing at
the particle scale and cluster/bubble scale, minar and turbulent dispersion
coefficiens are respectively defined §56],

Di(taminary = C.C,T, (7)

Di(turbutenty = WV Ty 8
whereDjgaminar) i the laminar dispersion coefficient ithei direction, Digurbulent) the
turbulent dispersion coefficient thei direction, C,C, and v/v/ the mean squares of
the instantaneousparticle fluctuation velocity and the hydrodynamic particle
fluctuation velocity, respectivelyand T, the Lagrangian integral timgcalefor the

particle or cluster motiaT is defined as,

T, = fooo R,(i,T)dt = fooo(v’(t)v’(t +)Vv'2) dr 9)
where R, (i,t) is the autocorrelation coefficient fothe turbulent dispersion
coefficient, T the frame ratep’(t) the timedependent Lagrangian hydrodynamic
fluctuationvelocity andt the time offrame occurrence.

Attributed to the capability obffering importantinformation about the velocity

field, turbulence parameters and dispersion coefficients of solids ,pRAsehas
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emerged asa desirablenon-intrusive tool for characterizing the flow structure
evolution and verifying the computationalodels.However, this techniquseuffers
from some drawbacks. Firstlyan image recorded by a CCD camera regsire
sophisticated processing, whiamay lead to measurement delay atifficulties for
ondine monitoring.Secondlya large number of images shouldarealyzel toacquire

a timeaveraged flow map, resulting in considerable computational Tostly, PIV

is unsuitable for th&D densephase fluidized beds with strong particle backmixing,
since themagequality of the central regions strongly dependstoa particle curtains
near the wallsMore importantly, PIV only allows the measurementt@nsparent
fluidized beds or those with optical access windoliss applicatios in the opaque
industrial beds especially those operated at high pressures and temperatiges,

hencevery limited.
4.3. Radiographic techniques

Radiographyan act of obtaininghe shadow imageof an object by penetrating
throughit with radiationsuch as Xrays and gammeays, has beerused to visualize
opague multiphase reactd&7]. Owing to the higher spatial resolution and smaller
size ofthe X-ray source X-ray radiography is preferred in practical applications
compared to the gamnray approachConsideringheradiation beamm(either Xrays
or gammarays) emitted from a source and texging a medium, the ray energy

attenuatiorobeys the Beecambert lav [98-100], whichis expressed as,

I = Ilyexp [— (%) pl] (10)
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wherel representshe ray energy recorded by a detectothe energy otheradiation
source ulp the mass absorption coefficienttbe medium,p the medium density arld
the path length througthe medium.According to the fact that gas and partidese
different absorption coefficienfer the rays ina gassolid mixture, the magnitude of
thetransmitted rayss expressed as a linear function of the volume fracticdhe@as
and solids phases [97],

I = Ioex'p[—((l -y + euz)l] (11)
whereu: andu> are the linear absorption coefficients tbk gas and solid phase
respectively¢ thesolids volume fraction, which can be determifrean this formula.

The radiographidechniquesapplied on gassolid fluidized bedsare basically
classified as X-ray radiography X-ray computed tomography angammaray
computed tomography. We will introduce thensingprinciples and applicati@of
thesetechniquesn the followingsectionsIn order b facilitatethe comparisos) the
tomography techniques will be discussed separately in SeétibnAlthoughthe
gammaray densitometryis not a visualization method it is based onradiation

absorption principle and is thus included ecfon4.3.
4.3.1. X-ray radiography

Based orthe attenuation characteristicstbé X-ray beans penetratinghrougha
medium, the 2D projectionsof a 3D object can beecorded by an Xay imaging
device when the objecis placedbetween an Xay source and a detect@ince

X-rays can exposa photographic filmthe traditional radiographyvasimplemented
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with a film-based detector and the ‘shadow pictures’ of an object coutatdpered
Currently, the digital detectors, which produce images through the electrorucecapt
of the Xray intensity, are used more commonly than the-blsed detectors. The
major advantages diie digital radiography over the filmmneare thehigherspeed of
image acquisition as well as the flexibility in manipulating and storing im#gbe
measured object is gaslid flow, the response and recording speeds of the detection
and imaging devices must be fast enough, otherwise the projection images will be
blurry due to the complex movement of different phases. Such radiggegimique
used in the dynamic processes is also referred to as the fluoroscopic imdging. T
original definition of ‘fluoroscopy’ is to observe anrdy image on a fluorescent
screen irreal time[97, 101].

X-ray radiographyhas been usedor a long timeto prolke the interior ofa
fluidized bedand to enable direct observatiohthe bubble motion3, 99, 102, 103]
An example othe measurement setigogshown in Fig. 7which consistsof an X-ray
tube, an Xray detector, an image intensifier and a data acquisition coniBlitdihe
continuous Xrays generated by the-pay tube penetrate througlthe bedbefore
reachingthe detector, which converts therXy photonsnto electrical signals. The
image intensifier then enhances the electrical signals and transforms them into a
digital grayscale image. The images were captured at a rate of 30 framésdaya
aqquisition computer[3]. In order to identify the bubble boundaries, a global
threshold wadirstly applied to binarize the grayscale imagBsibbles were then

tracked in a MATLAB progranirameby frameand the information about theibble
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dimensions and velocity was obtained.
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Fig. 7. X-ray radiography system[3]

Although X+ay radiography is auseful tool for visualizing the bubble
distribution and motionits spatial resolution is insufficient fahe identification of
particle motion In addition, the cost oan X+ay apparatus is higher thasther
sensors (e.g. electrostatic sensor, AE sensor and accelerometer), anthdbe
processing speed islow. Moreover, specialprotectionsare required for X-ray

radiography tacomply health and safety regulations

4.3.2. Gamma-ray densitometry

Gammaray densitometry is a nemtrusive and nosdestructivetechniquethat
has been applied &iudy thegassolid flow hydrodynamics for more than fifty years.
As an electromagnetic radiation similar to-rXys, gammaradiation acs as a
by-product of the natural decay of some radionuclides. Owing to the sufficiently high

ray energy ranging from 10 keV to 10 MeV, gamma rays can penetrate tha medi
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impermeable to Xays [104]. By using a gammeay densitometerto record the
absorption ofthe gammarays passing through a gsalid fluidized bed, the solids
volume fraction can beneasuredFig. 8 shows a typicameasuremensetupof a
gammaray densitometeon a downcome[105]. A radiation source and a detector are
aligned on a carriage that moved around the downcomer to scan different chords
through the crossection ofthe column. The radiation source 4&Sc and collimated

by a lead cylinder witlthe wall thickness of 12 mm and aperture of 4 mm. The
intensity of the emitted gammaiay photms is detected by a Nal (TI) scintillation
detector, whichs connected to a photomultiplier tube, a-araplifier, a timing filter
amplifier, a scalar and a discriminat@ot shown in Fig8). The detector output is
finally captured by alata acquisitiorsystem.Before the measuremerdalibrations
were carried outby collectingthe ray intensitydata from the emptgowncomer and
the one filled with static particles, respectively. By this means, the absorption

properties othe downcomer, air and packed particles were characterized.

__— Downcomer

Mobile part
P Collimated gamma source

/ (4 mm aperture)

Nal (TI) shielded detector

Fixed part

e

Fig. 8. Gamma-ray densitometry system105]
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Huilin et al. [100] measuredhe local instantaneous porositiesa riserusing a
gammaray densitometer. The signal series of porosity fluctuation was further
processed by deterministic chaos analysis method. It was found that the attractor
dimension was basically consistent with that of the pressure fluctuatioal.sig
Bhusarapu et al[105] estimated the solids mass flux in a CFB loop throagh
gammaray densitomelr in combination with theadioactiveparticle tracking RPT)
technique.The former was used to measure the ceestional averaged solids
hold-up while the latter was to obtain the solids velocity from the time of flight
measuremendf the radioactive tracer traversing the axial distance between the
detectorsThe deviation between the estimated solids mass flux and that obtained by a
timing and weighing method was within 4%. Jiradilok et[&4D6] computed the
viscosity of nanoparticles based on the solids volume fraction measured by a
densitometerThe predicted value was close to that estimated from the kinetic theory.
Kashyap et al[88, 107]characterized theolids slugging and fle patterns in aiser
underhigh and low solids fluxes, respectively. Gidaspow & Drisftii8] determined
the speed of aompression wave in a fluidized bed, based on principle thaiad dip
followed by an upward shift in the gamsay voltage signal indicated the passing of
a compression wave.

Gammaray densitometry is a neintrusive, relatively inexpensive, reliable and
portablemeasurementechniqueapplicable to gasolid flow systemsilt is available
for the oneshot or traverse measurenenend the single or multi-beam

configurationsas well asthe single or dualenergy souwres [109]. However,
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calibratiors are requiredprior to the measurement under the desired operation
conditions. Besides, this technique only allows the measurement ofalieeaged
solids volume fraction instead of the lowalue With the increase of the thickness or
density of the column wall, the intensity thie gammaray source should bacreased
correspondigly, which will compromise theinstrument portability anentail more

stringentrequiremenfor radiation protection.

4.4. Tomographic techniques

Tomography is the representation o8B structure as a series @D images
generated from the parallel sections of the structutermigram is a single sectional
image and aomograph is a device used in the preparation tdraographic dataset (a
series of tomograms). The tomographic dataset can be studied direcgdoasi a
basis for3D reconstruction of the original structuf&l10]. In the medical field,
tomography largely relies on the use of high energy electromagnetic nadiatib as
X-rays and gammeays. While in the engineering field, there are also othendarf
tomography, including those based on capacitaresstanceultrasound and even
visible light[111]. The bmographic techniques can be applied tosgsl fluidized
beds for the measurement of phase distribution, through recordingeaodstructing
the signals of certain physical properties over the esessons of the beds. In this
section, we will discuss the tomographic technigquesluding the electrical
capacitace tomography (ECT),-Xay computed tomography {p&y CT) gammaray

computed tomography (gamray CT) and nuclear magnetic resonance imaging
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(NMRI).

4.4.1. Electrical capacitance tomography

Electrical capacitance tomography (EGilpws the measurement afapacitance
changs resulted fronthe variatios of concentration and/or distribution of dielectric
materials byemploying a multi-electrodeECT sensor, which consists of on2D(
tomography)set (plane) or severaBD tomography and EGbased flowmetgrsets
(planes) of electrodemounted orthe side surface of the measufieddized bed [112]
The electrodes are excitednsecutivelyby dired current DC) or alternating current
(AC) voltage sources and the capacitanbetween the excited electrode and the
remaining onesare measuredln combinationwith a reconstruction algorithm, the
crosssectionalor 3D images of solidsoncentratiordistribution inafluidized bedare
obtained.There are two types of reconstruction methods known as théanative
algorithms (e.g. linear bagkrojection (LBP), singular value decomposition,
Tikhonov regularization as well as multiple linear reg@ssind regularization) and
iterative algorithms (e.g. NewteRaphson, iterative Tikhonov, steepest descent,
Landweber iteration, conjugate gradient, algebraic reconstruction, Sieils
iterative reconstruction as well as mcetaked reconstruction), wiii have been
reviewed comprehensively by Yang & Pe[idl3]. There're also new algorithms
developed recently, e.g. the total variation iterative soft thresholding methodcdim whi
the sharp transition of permittivity distribution between the bubble phase and solids

phase is taken into account [114]. With the development of sensing and reconstruction
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techniquesthe electrical capacitance volume tomography (ECVT) technique has been
proposed to alloweal 3D imagingof gassolid flow, whereagpseudd@3D imagesfrom
the traditional ECTare obtainedby stacking 2D images for interpolatighl15-118].
ECVT is realized througha geometrically configured3D sensorand additional
objective functions used in the optimization schdéargeconstructionSensor design
is especially important for ECVT and a desired sensor is expected to provide equal
distributiors of electric fielasin all the threalirections [119].

Fig. 9 showsan ECTmeasuremensystemappliedon a gassolid fluidized bed
[119]. For N electrodes, théotal number of independent measurensaatN(N-1)/2.
The image acquisition rate provided by this measurement systsup to 100
frames/g[119]. It is commonly assumed that the increase of electrode number would
improve the image quality, however, limited new information and improvement of
image qualitywereobtained when the electrode number exedd® [120].Besides
the image quality also depends on the reconstruction algotithtit.now, extensive
work has beegonductedn the characterization @tiidization behaviours using ECT,
such as the flow structuwsen differentfluidization regimeg121, 122],inhomogeneity
in a turbulent bed123], choking phenomen[124-126] densephase transportation

behaviours [127§s well as jecharacteristicen a fluidized bed [128].
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Apart fromimaging, tle solids concentration fluctuati@mgnalsobtained through
ECT can be processed to characternitéerent flow behaviours. The commonly
employeddata analysis methods inclutilme domainanalysis €.g.standard deviation,
skewnessexcess kurtosiand autecorrelatior) and frequency domain analys.d.
power spectrum andavelet analysis)n combination with the reconstructed images,
both qualitative and quantitative informatiahoutthe flow field can be acquired. For
instance,the geometry and distribution of bubbles are directly observed from the
reconstructed imagesnd the information about bubble velocity and frequeiscy
extracted fromboth the images anthe solids concentration fluctuation signfl29,

130]. Other information about thparticle residence time distribution (RT[)31],

flow structures[132], transition velocitiesbetween flow regime$129, 133], and
fluidization quality [134] can also be characterized through the analysis of solids
concentration fluctuation signals.

Significant progress has been made in developing the ECT techniques for

gassolid fluidization measurement over the last two decades. The major advantages
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of ECT are the fast imaging speed, low cost amithbility for high temperature and
pressureconditions [L35. ECT is also a tool for verifying CFD mode[436]
However,ECT is a typicalsoft-field’ technique The variation of the capacitance in
one location will change the recorded field through the whole domaking the
signal reconstruction sensitive to errors andsemand resulting inambiguous
solutions. In addition, the quality tfiereconstructedmages is limited by the number
of independent electrodes and is highly sensitivibégeconstruction algorithmit is
also difficult to reconstruct the imagesthe centrategionin a fluidized bed due to
the low sensitivity of the ECT sensor, especially when there’re patriicteg vicinity
of the wall or when thded diameter is enlargedvioreover, electrostatics in the
fluidized bed can result in measurement inaccuracy and eafunction of some
ECT systemdq135]. Due to these drawbacks, the applicasaf ECT to industrial

fluidized bedsarestill very limited.

4.4.2. X-ray computed tomography

Although X-ray CT and gammaeay CT differin radiation sourcesjamely the
X-ray tube and encapsulated gammag sourcerespectivelytheyfollow a common
sensingprinciple A narrow radiationbeamthat traversesa straight path through an
objectattenuates primdyi by absorption and to a lesgtent by scatteringsupposing
the objectis divided into different elementss CT techniqueis to determine the
attenuation degree of the beam in eal@dment, and to display this information in the

form of image [111]. According tothe BeerLambert’s law (Eqg.(Q) and Eq.(1)),
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solidsvolume fraction isobtainedfrom the radiation intensity signdror a gassolid
fluidized bed, a crosssectional image showing the internal structurage
reconstructed frormultiple projection imagesThe X-ray CTsystemmainly consists
of two parts Firstly, physical instrumestareused to obtain the integral values of a
local variable along certain paths, as schematically shown inlBif98]. An X-ray
tube emitting a farshaped beam and a linear detee@mounted on a ring, which
can be rotateavith the support of a stepy-stepmotor. Since the fashaped beam
coversawhole crosssection of the measureger, the ray intensity distributioan the
entire plane can be determined through one single measur@yentating the Xray
tube and detector, views from different angles are recorded for further data
reconstruction. Secondly, reconstruction algorithmsaa@ptedfor the computation

of local solidsvolume fraction on the cross-section [98, 137].

X-ray source

Step-by-step motor

X-ray linear detector

Fig. 10. X+ay CT system[98]

Owing to the recentadvanceson the singlebeam ultrafast Xray CT and
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multiple-beamfast Xray CT, it is possible to characterize the crssstional flow
behaviours in a fluidized bed with high spatial and temporal resolutions, even at high
superficial gas velocitiegl38-140]. The ultrafast Xray CT is based on a ‘scanned
electron beam’ principleA typical measurement setup is shown in.Fld. The
electron beanemittedfrom an electron gurapidly sweeps acroske circular object

and a moving Xay source is hence producedfixed detector ring synchronously
captures the intensity of thérays passing the measured obj&zsed orthe resulted
radiographic projectias) the nonsuperimposed crossectional density distributiors
reconstructedWithout the mechanically moving parts as those in the conventional
X-ray CT system, the speed of the ultrafagta} CT can reach up to 10000 frame/s.
Verma et al]139] applied theultrafast Xray CT tobubble property characterization
Bubble coalescence and breakup were observed in the reconstructesectiossl
image sequences, and the bubble velocity was determined througlcametsation of
images from dual horizontal planes. Pseudd8bble shapes were also reconstructed
from the pixel intensityariationswith time. However, the vertical axis represented
time instead ofa length scale as the bubbles with different sizéad different
velocities.In addition, it is possible for theltrafast Xray CT to identify particulate
structures and even track particle movement in a fluidized dwedsspatial resolution

can be down to 1 mni the contrast of the involved materials is sufficiently high

[138].

47



" electron gun

electron beam

- X-ray fan

7
/ target ./
4 ”
4 x

L 4 P e
f@ detector ring

object space

Fig. 11. Ultrafast X -ray CT system[13§

Fig. 12 showsthe top and side views o typical measurement setup of
multiple-beam fast Xray CT [140]. Three Xray sources are placed aroutite
fluidized bed column. Oppositd# each source is a detector array consisting of the up
and bottom rows with 32 detectors respectively, which creates 64 measurem@ent li
through the column for each source. Sackensingarrangement also results two
separate measurement plangk.the 192 detectorsvere used to record images at a
frequencyof 2500 Hz[140]. This technique providkinformation abouthe mean
solids holdup solids holdup profile, void dimension and void velocity in different
fluidization regimesPseudo 3D structures of voids/bubhlesre also reconstructed.
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(a) (b)
Fig. 12.Multiple -beam fast Xray CT system (a) Top view ofthe three sources and

detector arrays, (b) Side view of the ggle up-and-bottom detector array [14Q

X-ray CT is the safesthardfield’” measurementechniquewith a higherspatial
resolution than gammay CT[141]. Since the field lines of Xay attenuation remain
straight and are not influenced the property changes outside the Hoksight, the
image reconstruction is easier than tfatthe ‘soft-field’ techniquessuch as ECT
[97]. Besides, Xray CT is insensitive t@lectrostatic charge butdp in gassolid
fluidized beds[97]. The larger measurement plane/volume and the capability of
withstanding high temperature also makeray CT moresuitable for industrial
applications. However, the conventionalray CTis only valid forthe measurement
of time-averaged parametedue to the slow data acquisition speed tdedrelatively
low temporal resolution.Recent advancesn the singlebeam ultrafast and
multiple-beam fastX-ray CT techniques allowtime-resolved measurement on
fluidized bed. The ultrafast Xray CT has advantages of no moving parts, fast
scanning capability, high imaging speed and high versatility. Howevetrptiteast of
the materialsunder tesheeds to be sufficiently high and the particle size should be
large enough compared tbe bed diameter.In addition, the dta processing and
image reconstructiofor the ultrafastandfast X-ray CT could be cumbersom@ther
drawbacks ofX-ray CT are thecomplexity of operation, high cost, large space

occupiedandcompliancefor health and safety regulations.
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4.4.3. Gamma-ray computed tomography

In a gammaray CT system the gammaays emitting photons througthe 5
decayprocess can penetrate througle objectunder testThe radiations measured
by scintillation detectors placed on the opposite sidih@fadiation source, which is
commonly made of radioisotopessich as'*'Cs, **!Am and *3Gd [102]. Sincethe
sensing principles and applicatof gammaray CT and Xray CT have been
comprehensively reviewetly Chaouki et al[11]], in this paperwe just briefly
introduce aypical gammaray CT system appliedn a laboratoryscalefluidized bed
dryer, as shown in Fig. 1Bl42]. The measurement system is composed of a 1
mCi ¥'Cs gamma source, sodium iodide (Nal) with thallium (Tl) activated
scintillation detectors, a photo multiplier tube, a preamplifier, a rbtnnel
analyzerand a data acquisition systerkRanshaped bearns employed andhe grid
scanningis implemented at different axial locationSor each source positiorT,
detectors are equally placed at an interva8®bnan arc with30x102 min length
The chordal gas holduwas obtained through each measuremétatel et al]142]
further applied the gammray CT on an industrisgdcale dryer with 1.0 m diameter
and 0.5 m capacity. The extent of gas maldistribution related to the fluidization
quality was clearly identified &m the measured solideoldup profiles For image
reconstruction, Dudukovic et a[l1ll, 143] found that among the suggested
reconstruction algorithms, such as the convolution or filtered back projection,
algebraic reconstruction and estimatioaximization (EM) algorithm, the EM

algorithm yielded the best results.
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representing theNal(TI) detector) [142]

Gammarays emit photons with higher energy and thiesraore penetrative than
X-rays. Thereforegammaray CT ismore suitable for the measurement of large test
sections.However, Xray CT provids better spatial resolution attributed the
smaller detectors. In additiorthe X-ray source emits radiation only when it is
powered on and theadiationenergy carbe controlled by varying the input voltage,
which makes Xray CT safer than gamnray CT [102]. Based on these reasons
gammaray CT haggainedless applicatiosthan Xray CT on the gassolid systems
especially in recent yearso the best of our knowledg®lcCualig et al[144] for the
first time adopted a single morenergetic gammeay beamgenerated froma 100
mCi ?*!Am source and a single Nal (Tl) detectorstudy the density distribution and
flow structures in a fluidized bed. Landeghem ef{5] thenmeasured the solids
concentration profiles in a cold model riser and an industrial riser through geagma
CT, respectively. The comnnulus flow structuresvere found in both risers.

Bhusarapu et al[146] combined gammaay CT with the computer automated
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radioactive particle tracking (CARPT) technique to developerent pictures ahe
solids flow field in a riser. The timaveraged solids holdup distributiomas
reconstructed to characterize the flow behaviours utifferent fluidization regimes.
Gammaray CT acts as ahardfield’ technique similar to Xray CT, which
reduces the influence diie flow field outside the linef-sight and simplifies image
reconstruction. Gammiay CT offers phase distribution images and hence solids
concentration profilesvith a high spatial resolution and isiinune toelectrostatic
disturbancesDue to the stronger penetrabiligammaray CT can be appliei some
industrialfluidized bedswith thedimensionsn a few meters. However, depending on
the scannedesign, the time required for the photon countsréde allthe projections
ranges from a few minutes to close t@n hour. Sucha long sensingtime is a
significant limitation of gammaay CT in the measurement of tiregolving flow
behaviors, such as bubble motion and evolufi®®2]. Other disadvantages of

gammaray CT aresimilar to those of Xay CT(Section 4.4.2).

4.4.4. Nuclear magnetic resonance imaging

Nuclear magnetic resonance imaging (NMRI), based on the paramagnetic
properties of nucleijs a nonintrusive techniquethat allows the measurement of
dynamic properties in a granular system. The spin motion of a nucleus is
characterized by the spin quantum nunibdhe nuclei withi=1/2 are widely used in
NMRI since they can béreatedas smli magnets during their spin motion. For

instance, a hydrogen nucleus has a spin quantum nunaibdr’2 while a deuterium

52



nucleus has of 1. The angular momentum and magnetic dipole moment (proportional
to the angular momentynare associated with thaiclearspin. The proportionality
constant relatinghe angular momentum with magnetic dipole moment is hamed the
gyromagnetic ratiof102]. During the measurement, a constant and homogeneous
magnetic field is applied. All nuclei then try to align their moments to this external
field. Subsequently, a magnetic field at®3@th the externalfield is pulsed, which
kicks the nuclear magnets out of alignment and catlssis precessionwith the
Larmor frequencySuch preession isanalogous to theotionof a spinning top under
the action of gravity. After the pulse, the spinnmgglei decay towards the aligned
situation.The spin amount in a particular point in the space is obtained from the decay,
based on which the dsity of the materiaunder test isestimated. Since different
phases have different proton densities (e.g. diffehgdrogen density), the local
phase distribution catherefore baleterminedBy scanning over a crosgction or a
volume, sufficient infomation iscollected for tomographic reconstructifiv7]. Yet
it is inherently difficult to image solid particlekieto their very rapid nuclear spin
relaxation properties. A common way to overcome this is to use particlesnoanta
the materials with liquidike relaxation characteristics, such as seeds or porous
particles impregnated with liquid48].

Fig. 14 shows aNMRI system to imagehe gas jetnear the distributor of a
fluidized bed[149]. Poppy seedswith 0.5 mm diameter (Geldart B) and 1.2 mm
diameter (Geldart D) were used as fluidized partjcdeg totheir high content of oil

with the mobile *H nuclei detectable by NMRExperiments were carried out in a 4.7
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T (199.7 MHz'H frequency) magnet equipped with a spectrometer. The actively
shielded gradient system allow#te produdion of a maximum gradient strength of
0.139 T/m. A birdcage radiofrequency cailth an inner diameterof 63 mmwas

mounted on the betd excite and detect tHel nuclei signals.

64 mm ]
Particl
E . cles
% Lx r.f. coil
o= —=-—— Distributor
60 mm
50 mm
L, 43mm |
J — Gas inlet

Fig. 14 NMRI system[149]

Salvesberg et a[150] measuredhe timeavemlaged density and particlaotion
propertiesin a fluidized bedwith an innerdiameterof 21 mm employingthe NMR
k-space and-space imagingechniques. fansitions toward the fluidization, bubbling
phase and slugging phase were observed from the sudden changes in the density and
the rootmeansquared displacementhe effective diffusion coefficients anthe
particle displacemérdistribution (or propagators) were also determireshnell et al.
[151] usedthe ultrafast NMRI to studythe mixing behavioursof sugar crystalgn a
fluidized bed by adding a small batch of poppy seeds as trdtersperiments were
implemented oma Perspex tubevith an inner diameter of 50 mm. The r#iahe

information (every 12 mspbout the seeds motion was provided with a spatial
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resolution of 0.625 mmThe segregain index representing the degree of mixing,
was alsocalculated from the standard deviationtleé normalized intensity dfiMR
signal. However, the bed materials and tracars not typical particles used in the
normalfluidized beds, and the adoption of ballotini as a distributor is not édeakll
Muller et al.[152, 153]employed a similar NMRI technig to measure theelocity

of bubbles and solids phase, timometryof bubbles and slugs as well as the bubble
coalescence and splittin@y conducting a series of experiments with increasing
magnitude of the motion encoding gradients, the spatiallywedaohaps of granular
temperature were obtaingtit8, 154]. It was confirmed that NMRI mainly allows the
measurement of bubbl&e granular temperature rather than laminar granular
temperatureThe hydrodynamic characteristics of gas jet in a fluidized bed was also
studiedusing NMR| comingto a conclusion that NMRI providehigher-resolution
mays thanECVT [149, 155, 156].

Although NMRI has been utilized to characterize some dynamic properties of
solids phase anoubbles the direct imaging ofas phase is less well studied since the
hydrogennuclearspins in certain particlegive high signalto-noise ratio butonvey
no direct information abouhegas flow[152, 157] Wang et al[158] and Pavlin et al.
[157] used thdaser polarize 1?°Xe as fluidizing gas to probe the gas exchange rate
between the bubbles, emulsion phase and absorbed phhse.gas velocity
distribution was also measured. Howeserchspecial requiremerfor thefluidizing
gas limis the application of this technique to larger fluidized ©&te bed diameter

in their workwasonly 8 mm).
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Until now, advancesn NMRI allow the imaging okolidsvelocity distribution in
a fluidized bed with higlspatial and temporal resolutgras wellas the measurement
of materialdensityand gas dynamic properties. HoweWdMRI is limited by the
requirementfor particles containinghe MR-sensitive nuclei (typicallyH), by the
bore size of magnet, as well as by the némdelimination of metals from the
apparatu$156]. In addition,the static magnetic field should be strong enough, which
restricts the used permanent magnesratively small sizeln spite of the fact that
supereonducting magnets can be made stronger and larger, the casthdfiMRI
system isconsiderably high [147].

From the comparison of the aforementioned tomographic techniques (Section
4.4.1~4.4.4), it is known that traddfs have to be made when imaging measurement
is implementedon gassolid fluidized bedsECT is applicable to multiphase media
with dielectric properties, with major advantagedast imaging speed, low cost and
suitability for high temperature and pressure conditid35]. In comparison with
X-ray/gammaray CT, ECT has poorspatial resolution but a relatively high temporal
resolution, andthe reconstructed results relio someextent on the number of
independent electrodes and the reconstruction algorithnay¥ammaray CT has
goodspatal resolution whildow temporal resolution, which makesniostsuited for
the measurement of tireveraged phase distribution. The development of fastyX
CT now allows timeresolved imaging of a fluidized befll59]. In addition,
X-raylfgammaray CT is not influenced by the property changes outside the

line-of-sight and insensitive to thedectrostatic phenomema a fluidized bed, both of
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which areproblematic for ECT. Thelrawbacks oiX-rayygammaray CT are mainly

the complexity of operation, high cost, large space occupied and compliance for
health and safety regulations. NMRI provides high spatial and temporal r@solut
results, but is limited in the particle species and bed size. Therefore, treatpplof
NMRI to gassolid fluidized beds is still limited compared to that of ECT and

X-ray/gammaray CT.

4.5. Infrared thermography

In recent yeardnfraredthermographyhas emergedsa nonintrusive technique
to measurethe temperature distribution and heat transfer properties irs@as
fluidized beds[160-162. It is based onthe principle thatan objectwith the
temperature above 0 K eminfrared radiation, which can be detected byrdrared
camera The temperature dhe object surfacge.g. particle surfacay then directly
determined from the relationship betwebe temperature anthe infrared radiation
energy. However, if thearticle surfacesre polished, theaccuracy of temperature
measurenm@ will be influenced by the infrared ray reflection from the surrounding
particles.A feasible solution is to coat the particles watblack-body paint to reduce
the reflection[163]. For the measurememtf solids propertiesn a fluidized bed
infrared thermographyhas been useth conjunctionwith PIV to characterize the
coupling relationship between tiparticle motion and heat transfel62, 164] The
measurement sgb is illustratedin Fig. 15 An infrared cameraand a higkspeed

visual camera are placed in frontafquasi2D bed The back and side walls of the
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bed are made ofaluminium coated from the inside with matt finish black paint to
reduce reflection. The aluminium frame anodized to give the material better
adhesiorfor the paintand glue to attach sapphire windowl'he whole frames also
corrosion-and weaitresistat and helpgo reduce the charging of particlés pair of
white LED lamps are set at an angle of 4& the normal of thdront wall. Such
arrangement alsminimisesthe reflection and shining effect®heinfrared camera is
installed not fully perpendicularly to the sapphire windovavoid the visibility of a
cold spot.Thetwo cameras are connectedatrigger box and then to a computer. The
trigger box sends simultaneous pulses to the camerasjngnthat the two cameras
record imagesynchronouslyBy this means, thebtainedthermographic datare
coupled with the concurrent flow hydrodynamic d&ewn and Lattimef161] also
employed an infraredtamerato capture thefull field views of transient particle
temperature distribution in a spouted bed, based on which the distribution rate of the
energy stored in particles and the -t@particle heat transfer coefficienigsere
obtained.

A

_ > LEDIlamp

LEDlamp

Quasi-two-dimensional
fluidized bed
High-speed

visual camera .
™~ Sapphire window

Computer

Infrared
camera

Trigger box

Fig. 15. Measurement setup o&n infrared camerain conjunction with a visual camera

[162]
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Moreover,infrared thermography allows the measurememthafse distribution in
a fluidized bed.By applying an infrared camera to the singlédble injection
experiments, Dangt al.[165] visualized the concentration distribution of £ttacer
gas and estimated the gas exchange coefficients from the bubble phase tonemulsio
phaseThe authorghenextended théechniqueto bubbling and turbulerituidization
regimes to quantify the lateral gas dispersion coeffisigd66]. An innovative
particle tracking techniquavas developedy Zhong et al[167, 168] througha
combination ofa microwave heating apparatus with an infrazacheraA flat-bottom
spout bed was madaf microwave transparent Plexiglas and placed in a specially
designed microwave heatédlar tracer particles were introduced into the bed and
heated by microwave energy. Amfrared camera was used to image aedordthe
particle trajectoriesThis infrared based method provideinformation aboutthe
particle cycling, particle residence #mdistribution and solidsnixing quality.
However, it requires a specially designed fluidized bed built inside a microwave
heater, which significantly limits the applicability.

Infrared thermographyoffers a solutionto the visualization of phase and
temperature distribution withrelatively high temporal and spatial resolutson
However,the reflection and absorption of infrared radiation by lteeland particles
themselvesare important factors thaffect the image quality. It is thus required to
adopt a surfacpolished sapphire window and particles coating veitblackbody
paint. In an industrialbed (especially the one operated at high presswsegh

stringentrequirements can hardly be metimarily becauset is difficult to fit an
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optical access window on the walhd preventhe windowfrom beingcontaminated
by fine particles. Therefore, thermocouplarestill the mostcommondevicesfor the

temperature measuremaitthe fluid influidized beds.

5. Particle tracking methods

Apart from theradiographic and ray tomographiechniquesnuclear radiation
can also beitilized to track the particlemovement ira multiphase flowsystem This
allows the measuremertf velocity fields ofthe continuous or dispersed phaseain
densephase fluidized bedvhere the laser based approachesmaitlwork Currently
thereare two different particle tracking methodisat employthe nuclear radiation,
known asthe radioactive particle tracking (RPT) and positronission particle

tracking (PEPT), respectively.
5.1. Radioactive particle tracking

Radioactive particle tracking (RPT}s performed by firstly introducing a
radioactive tracer particle emitting gamma radiaiitio a flow systemThe density
and size of the tracer match with those of the recirculating piigemajority of
radionuclides adopteidt RPT arethe 5 -emitters produced by neutron capturbese
emitters often result in thiermation of an excited state in the daughter nuclei, which
decay to the ground state bmnittingone or several characterisjammarays.These
gammarays cross the medium im fluidized bedand interact throughthe
photoelectric absorption and Comptscattering.As the tracer particle moves with

therecirculating phase, the gamyray intensity is recorded bynaarray of inorganic
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scintillation detectors (generallyhe thallium-activated alkali halide scintillation
crystals) positioned around theed [102]. While the tracer patrticle is tracked, the
operation condition should be controlled and kept constant for several fibers.
instantaneous positisrof the tracer aréghen computed from the intatys signals
using an optimized linear regression scheribe ime differentiation of the
displacement vyieldsthe local velocity of the tracer. Correspondingly, the
ensembleaveraged velocity distribution and other turbulence parameters can be
obtained by malysing the signals over a period of tinj@69]. Fig. 16 shows a
schematiadiagram ofthe RPT systemapplied ona gassolid fluidized bed170]. The

main part of the fluidized bed is a columuith an inner diameteof 78 mm anda
height of 750 mm. Eight detectors are placed 40~60 mm away from the column wall.
The tracer particle was made of scandium oxide, artkitsity and size were close to
those of the fluidized particles (silica sant@ihe tracemwas activated to 300Ci in a

nuclear reactoEach experiment lastddr at leasfour hours.
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Fig. 16.RPT system (a) sensing arrangement, (b) top view, (c) side vie\d7Q
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The sensing principle and applicatsaof RPT have been known for a long time.
As early as 1964, Kondukov et dll71] employed six scintillation detectors to
continuously recordhe tracer particle positions in a fluidized bed. Based on the
calibration curesand the recorded signatke coordinates othetracer particle were
obtained Lin et al. [172] improved the signal processing scheme by utilizing
signal redundancy to reduce the intrinsmselevel due tothe quantized nature of
Gamma emission. Hydrodynamic parameters related to the particle rhatierbeen
measured through RPT, such as the trajectory, velocity, RTD, diffusivitye cy
frequency, turbulent kinetic energy and Reynolds stf#68, 170 173177]. The
tracertrajectory wasalso used to characteriiee particlewall contacting parameters
and the friction factor [178-180] Based on the particle backflow phenomenon in a
riser, Bhusarapuet al. [105, 146, 181]measured thadids circulation rate, overall
solids flux and turbulent parameter profiles. Modgnamic properties were
characteried by processing thRPT signalsthrough statistical analysis, ndinear
dynamics analysis, symbolic dynamics analgsid datanining [182-184]. Moreover,
a multiple radioactive particle tracking (MRPT) technigbas been developed to
determine the trajectories of multiple tracersthe three dimensionsThe MRPT
helps reduethedata collection time andnage numberas well asmprove themage
quality [185, 186].

Early extensive workas demonstratethat RPT is suitable fahe non-intrusive

measirement ofsolids flow parametersn opaquefluidized bedson the basis o&
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Lagrangian description of particle motiftB87]. RPTis also atool for thevalidation

of CFD models [146] However, the calibration proceduoé RPT is cumbersome
since the tracer needs be positioned at hundreds or even thousands of known
locations The tracking process usually lasts for several hours thighoperation
condition unchangedmaking it time-consuming to obtain the tireveraged
properties such ake flow pattern.Moreover the tracer particles have to be selected
or specially made to follow the motion tfe recirculating phase. It is also not trivial

to set upa RPT apparatuandapply itto a system with irregular moving boundaries.
Therefore, the application &PT on gassolid fluidized beds seem®t as wide as

that of theradiationrbasedvisualizationtechniques.

5.2. Positron emission particle tracking

The msitron emission particle trackindPEPT) technique employs the
radionuclide which decaysa " decay and emits a positron as a tracer. The positron
does notravel far but annihilates rapidly with an electron in its vicinity, producing a
pair of 511 keV gammaays emitted almost badk-back[188]. By detectingthe two
gammarays with two positiorsensitive detectors, itis known that the
positronemitting particle should be somewhere on the line connecting the two
gammarays. After detecting the positions of more gamrag pairs during a time
interval in a similar way, the location dfie tracer particleis determinedby the
displacing crossings of these lind<l7, 189] Howevergammarays can be corrupted

in the practical measurement, which makeslines connecting the two ends thie
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counterpropagating gammeays may not pass the tracer souiee actual position

of the tracer can beletermined through a location algorithfh90]. Firstly, the
distances of a point perpendicular to all the gamayatrajectories are calculated
Secondly, the point that minimizes the sum of the distances is féungpical
measurement sagb of PEPTon afluidized bed is shown in Fig. 1y191]. Two
gammaray detectors of positron camera are placed on both sides lmédheovering

a field of 600«<300 mnt and providing aspatial resolution of about 2 mniThe
detectors are connected to a computer where the tracer positions are recorded in
reattime. The tracer particles were made by resin beads selected from the bulk
particles An ion exchange technique wamployedto active the tracers instead of
bombardng them directly in a cyclotron. Based on thmecorded tracer trajectories,
particle velocity distributionwas obtained by analysing separately the upward and
downward movement data. The solids mixing behagjouhich wereclosel related

to the motion of particles and bubblegere alsocharacterizedrom the particle

velocity distribution mas.

el ————

Tracer
e

micro-manometer

Pressure regulator Distributor

Fig. 17. PEPT system[191]
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The identification of flow modes (or flow patterns) is of significance to thigdes
and operation of fluidized bed reactors, whehemicalconversions proceed with
time. The mxed flow is requiredoy mostof the gas/solid reactions, whitke plug
flow is preferred by most catalytic gas phase reactid®2]. PEPT provides a
straightforward approach to charactery the flow modes and their transitiors
[192-194] For examplewhen a mixed flow (or corannulus flow)wasformed in a
riser, a dilute regiorwith rapidly rising particles existl in the core of the riser,
surrounded by a denser annulus of particles descending near the wall. The two
different regionswere clearly identified from thepopulation density plots of the
upward and downward moving piatés on a crosssection[192]. When therevas a
plug flow, most of the particles mod@pwards, and the downward flowing particles
were randomly distributedon the crosssection [192]. PEPT also alloved the
measurement of solids circulation flux in a CFB by following the tracer velocity
within a given distance in the downcomer, with an assumpiiatthe flow wasin a
moving packeébed patterr{195]. Similarly, thedimensionlessolids flux across the
jet boundaries in a bubbling fluidized bed was determinam the tracetrajectory
data [196]. In addition, based on the PEPT measured data distribution, a ‘phase
diagram’ was proposed to depict different flow modes (e.g. dilute, dense, core-annulus
and combined fluidization flowsas a function of the superficial gas velocity and
solids circulationflux in a riser[197]. Other hydrodynamic properties in a fluidized

bed such as the particle circulation frequency, particle RRQ flow dgructure
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evolution canalso be characterizedsing the PEPT measured d§i&1, 198-202]
Although bubble parameters cannot be directly determined through RERT,
feasible to deduce the bubble dynamic properties from the particle velatityFhn

et al.[199, 203] obtained the bubble rising velocity and the associated sizes by this
means, which demonstrated that PERdS a potential way to characterize bubble
behaviours.

PEPT suppliesdetailed informationabout particle flow in boththe denseand
dilute-phase fluidized beds. The intrinsic capability of tracking particle motion also
makes PEPT in principle suitable ftire validation of DEM and DPM simulation
[204, 205].PEPTalsopossesses some advantages over RPT. Fimstlgalibrationis
required. Secondly, tracer positioagse determined during the measurement rather
than through reconstruction. Thirdly, the activity losshaf traceidoes noneed to be
considered. Thirdlythe tracerpatrticle is usually selected fronthe bulk of the
fluidized materials, while the one utiliden RPTis specially madg202]. However,
PEPT only albws the tracking of one single particlgiving rise toa long time to
obtain the statistically reliable results representative for thak flow. Therefore,
PEPT is unsuitable for reime measuremenfnother drawback of PEPT is that the

apparatuss larger, less flexible and more expensive thandhgRiPT.

6. Laser Doppler anemometry andphase Doppler anemometry

A change of wave frequency caused the relative motion between a wave

source and a wave receiver is named the ‘Doppler effect’, kmasedich the laser
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Doppler anemometry (LDA) and phase Doppler anemometry (PDA) baea
developed to measutbke particlevelocity, size and concentration in multiphase flow
systemsSince he LDA andPDA techniguesavealready been reviewed in detail in
other work[102], wewill give a brief introduction hebs. Fig. 18shows a LDA/PDA
measurement system, composed of a laser source, a beam splitter, transnaitting an
receiving opticsa light detectordetectors, a signal processor, an oscilloscopt a
computer [206] The output of the beam splitter is two beams of equal intesbitt
different frequencieslheyare focused into optical fibevghich bringthemto a probe
containingthe transmitting opticsin this probe, théwo parallel beams are focused
through a lens into the measurement volume, wtiegintersect. Thentersection
generates a pattern of plane interference frifig@g]. If a particle passes through the
intersection area, light will be scattered aital intensity will change due to the
interference fringes. The scattered light is then collected by a receivingamhehs
focused on a detectar multiple detectors to produce a sign&article velocity is
calculated from the Doppler frequency ahe fringe distance. Besides, particle size
is measuredhroughPDA as an extension of LDA. Two adjacent detectors used to
collect the scattered laser light show a phase difference, which is linearlytmmoglo

to thediameter of a smooth and spherical partjgdssing through the measurement
volume. The particle dimeter is therobtainedfrom the phase shift, focal length,
fringe spacing, optical constaahd spacing betweethe detectors. Two approaches
are available for the measurement of particle concentration. One is to use theedata rat

of the signal processan the LDA system, which is suitable for dilute flow systems
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[208]. The other is to use the time rabetweenthe time occupied by thdispersed
phase andhe total sampling time. This approach involves an assumgiteatronly
one particleis in the measurement volume at the same twlach makesit only
applicableto very dilute systemsReaders can refer to the work of Mathiesen et al.
[207] for more detailednformation abouthe characterizatioof these particleelated

hydrodynamic parameters.

Measurement
volume

Beam splitter
P Lens Lens with photo detector(s)
Mo | —l_
Laser source /xﬂ —

Oscilloscope
Computer .

l ) — Signal processor

Fig. 18 LDA/PDA system[206]
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Based on tha@forementioned sensing principles, LDa#dPDA are suitable for
the measuremenvn dilute fluidization systems. There have been studieshe
particle velocity distribution, particle size distribution as well as particleesuration
profile in CFBs [209-212] LDA andPDA were alsautilized to assess the influence of
theinlet and outlet configurations dhe flow patterrs and flow structuresn a riser
[213-215]. Besides, the particle shear sgeand particle fluctuation energyere
derived from the LDA measured velocity d§24a6].

LDA offers a potential solutiorio the measument ofa wide range of particle

velocity from 0.1 mm/s to 100 m/s on an-love continuous basifl4]. Its major
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advantages aréne high spatial resolutioand fast dynamic respondeDA allowsthe
measurement of particle size fraime micron scale to millimetre scale withgood
immunity to noise. However, this technique is only applicaideer dilute flow
conditiors, andthe maximum solids concentratidepends on the laser power and the
sensitivity ofthesignal processing equipment. If LDedPDA areused for thelense
flow measurementlight will be scattered outside thmeasurementwolume by
particles or even bélocked by the dense solids distributionThe data rate and
signatto-noise ratio will thus be significantly reducel.possible wayto eliminate
this influenceis to match the refraction index of some particlethett of the fluid,or

to make the measurementrusive at the expense of distortitige flow field [215].

An additional restrictiorof PDA is the requirement of smooth and spherical particles.
In addition LDA and PDA are unsuitablefor the application in indstrial beds
because of their opaque walven if an optical accesss available, it is susceptible

to contamination by particle adhesion.

7. Pressurefluctuation method

Pressure fluctuation is weknown as an important indicatofor the
hydrodynamic propertieis a gassolid fluidized bedDue tothe easy implementation
and low cost, pressure fluctuation measurement has been wedghoyed to
characterize fluidization behaviours. However, the interpretation of peesgpnals is
still far from straightforward due to the complexitiypressure fluctuatiortfirstly, a

local pressure fluctuatiomay originate from multiple sources, such as finetuation
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from local bubblesthe global bed oscillation anthe propagating pressure waves
from other locations (e.g. bed surface, distributor and windbox), mgut the
intrinsically nonlocal nature of pressure fluctuation. Secondhge complexity of
local pressure signals enhanceddy the coupling relationships among the bubble
motion, particle oscillation, bed surface oscillation, pressure wave propagaton a
flow pulsation[68]. Until now, the pressure fluctuation measurement has received
widespread attentions ahdsbeen comprehensively reviewdebr exampleBi et al.

[68] examined the presmai fluctuationphenomenan gassolid fluidized beds and
provided explanations of the underlying mechanisms. Sasic [@tld@].reviewed the
modelling and experimental techniques for pressure signal acquisition. vanrOmme
and Mudde[218] elaborated different method®r the measurement ofoidage
distribution in fluidized beds, including the pressure fluctuati@ithod van Ommen

et al. [219] reviewed the timeseries analysis methodmplemented onpressure
fluctuation signalsas well as their applications to the monitoring and control of
fluidized bed combustion and gasificati@20]. In view of these specialized reviews,
here wewill briefly introduce the sensing principle aagdplicatiors of the pressure
fluctuation methodo gassolid fluidized beds.

A typical pressurductuationmeasurement setup is shown in Fig. 118 mainly
composed of a pressure sensor (probpjeasure transmittea data acquisition board
and a computeA fine mesh net is fixed on the probe tgiternatively, a purge flow
can be used to prevent particles from entering the probe. The pressure measureme

can be considered as nontrusivewhenthe probe is placed flush to the inner wall of
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the bed. Normally, the sampling frequency ranges from 10 Hz to 1000 Hz, and the

sampling periods not less than 30 s [68].

]

Fluidized bed
o’ o = Pressure probe
CO o =
" Data acquisition
LR [ ya z
[ ] [
'O y L - Computer
e e
o), )
2032, Pressure transmitter

Fig. 19. Pressure fluctuatiormeasurement system

In order to acquire the quantitative information about flow dynamics, the raw
pressure signals are processed through different methods, such as time domai
analysis, frequency domain analysis and state space analysis. van Omm§2iiej al.
has discussed the applications of these methods extensively. The time domain analysis
primarily includes the standard deviation and highreler moments, probability
distribution of pressure increments, cycle timescaled range analysis (or named the
R/S or Hurst analysis) as well as the associafestatistic and Autoregressive (AR)
models. These methods were used to charae thesolids mass fluxflow regime
transition, fluidization quality, particle size and variation, agglomerater@ue as
well as the degree of stochasticity in fluidized b§a81-224] The most widely
employed frequency domain analysis approach is the power spectrum, which can be

obtained from the parametric or nparametric method. In the parametmethod, the
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fluctuation data is firstly generated by a model and then processed byakpect
estimation, while the neparametric method makes no assumption on the data
generation. The amplitude and dominant frequency of pressure signatsranely
usedto characterize bubble size and frequency, respectively. Thefffallf the
semtlogarithmic power spectrum is also an indicator of the dynamic behaviours in
the fluidized bed. In addition, the wavelet transform and wavelet packets technique
are desirale tools for the multiscale analysis of pressure signals. They are used to
extract the flow information about the time localization of particular frequency
components. State space analysis is usually performed as a complemertiiog) tmet
the time and fregency domain analysis. For example, the attractor comparison
method allows the detection of small changes in fluidization dynamics (e.g.
agglomerate occurrence) with a higher sensitivity than other meftht@ls However,
the commonly applied parameters in the state space analysis (e.g. entr@bgticorr
dimension and Lyapunov exponents) should be used prudently since their validity can
be questionable if the conditions (e.g. independence of length scale) areilted fulf

Due to the complexity and multiscale nature of a fluidized bed, the pressure
fluctuation signals collected typically contain multiscale hydrodynamicnméton. It
is therefore important to resolve the pressure signals into multiple scdlédeatify
the underlying contributing mechanisms. Extensive work has been conducted on this
subject, using the signal messing methods ranging from simple statistical analysis
to advanced chaotic and multiscale analysish asvavelet transform, Hurst analysis,

time-delay embedding andHilbert-Huang transform [68]. For instance, by
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decomposing the pressure fluctuation sigmais different scalesZhao et al[225]
found that the microscale, mesoscale, and macroscale pressure fluctuation dynamics
stemmedfrom the individualparticle motion and mall-scale fluid eddies, the
bubbledense phase interactions, and the solids bulk motion at the bed scale,
respectively. The pressure fluctuation mainly reflected the mesoscale ini@sacti
between the bubble and emulsion phases. However, Briongos Et2@]. 227]
extracted different dynamic information from the pressure fluctuation sigimadugh
Hilbert-Huang transform. The first, third, and fifgmpirical decomposition modes
were found to correspond to the particle, bulk, and {boable scales, respectively.
Therefore, moravork is still required to achieve a consistent conclusion about the
multiscale resolution of pressure signals.

The pessue fluctuationmeasuremenis robust, cheap, virtuallpon-intrusive
and easy for operation. It can withstand harsh indusenaironments €.g. high
temperaturghigh pressurend dusg conditior) and is therefore suitable for -dine
monitoringand faults warning of industrial fluidized bedsowever, limited by the
intrinsically norlocal and complex nature ttie pressure fluctuation, the underlying
mechanisms embedded in pressure signals are still lackdefrstandingEspecially
for industrial fluidized beds, the pressure fluctuation depends on many operation
conditions such agyas superficial velocity fluctuatiomarticle size distributiorand
condensate injection amount, making the pressure signal representation even more
difficult. Besides, the lovamplitude compression pressure waves and biygasgsage

pressure waves are only detectable within a limited area close to their origin. The
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location and number of pressure sensors employed on an industrial fluidized bed
should be optimizetb collect valid data for further processif#8]. Until now, the

typical pressure measurement applied on industrial fluidized bestidl ihe average
pressure drop, and more work is required to achieve reliable multiscale negtiese

of industrial pressure signaladditionally, the informatioraboutparticle motion can

hardly be extracted from thmessure signals.

8. Trend and future developments

The ron-intrusivemeasurement techniques as reviewed albawe emerged as
widespread and most attractive tofds the characteration of gassolid fluidization
behaviours. They provideiseful, detailed informationabout acomplex process
without disturbingthe flow field, which is crucial for understandingluidization
hydrodynamicsverifying CFD modelss well as determining operataimparameters.
Table 1 summarizes th&rengths and weaknessef the non-intrusive techniques
discussed in thiseview Since no technique is capable aifering comprehensive
flow information covering thehydrodynamic scales fronthe micro-level to
macrolevel, tradeoff should be made terms of the measurement scale of interest
when determining suitable techniqueSther factors such as the ease of operation,
ease of data interpretation, resolution, @xdapplicabilityto industral beds should
also be considere@espitea variety of sensors and instruments based upon different
principlesproposed, few are currently working imdustry. Apart from the intrinsic

complexity of gassolid fluidization systems, idealized assumptions and simplification
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made by the researchers about the natuflowffield and plant operating conditions

are the major reasons for this underdevelopment.

Table 1 Comparison of the nonintrusive measurement techniques

Ease of Ease of Applicability
Main measurable Spatial Temporal
Technique operati data Cost | inindustrial
parameters resolution | resolution
on interpretation beds
Electrostatic | electrostatic charge
induction solids velocity ++ - - ++ ++ +
sensor solids concentratior
Faraday cup | electrostatic charge + ++ / / + --
particle motion
AE sensor/
activity, particle ++ - o} ++ ++ ++
accelerometer
size, bulk dynamics
bubble size, bubble
holdup, bubble
Photography | velocity, particle 0 - - + + --
cluster size, cluster
velocity
particle velocity
PIV - o] + + - -
solids flux
bubble sizebubble
X-ray
holdup, bubble - 0 - + - o]
radiography
velocity
solids
Gammaray
concentration - + o + - 0
densitometry
solids flux
solids
ECT - - - + - -
concentration
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bubble size, bubble

velocity, bubble

frequency
X-ray CT solids concentratior] - + + - -- o]
solids
Ultrafast concentration,
- + + + - 0
X-ray CT bubble size, bubble
velocity
Gammaray
solids concentration - + + - - o
CT
diffusivity, bed
density, solids
velocity, bubble
NMRI - o] + + -- --
size bubble
velocity, bubble
frequency
temperature
IR
distribution, gas 0 + + + o] -
thermography
concentration
particle trajectory,
RPT - - ++ - - -
solids flux
particletrajectory,
PEPT - - ++ -- -- -
solid flux
particle velocity,
LDA/PDA particle size, solids -- o] ++ + -- --
concentration
Pressure bubble or bulk
fluctuation | dynamics solids ++ o} -- ++ ++ ++
method flux
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*++ very good, + good, 0 moderategyoor,-- very poor, / not applicable

Table 1 also shows tha wide range oftechniquesare available for the
measurement of specificydrodynamicparameters of gas and solids phases in a
fluidized bed. For examplehe bubble dynamic properties (e gjze rising velocity,
coalescence/splittingcan be characterized through photographyaX radiography,
ECT, ultrafast Xray CT, NMRI, and pressure fluctuation meth&hotography and
X-ray radiography provide snapshots of bubble distribution in a fluidized Tie.
original imagescaptured always require pogtrocessing, such as thresholding,
indexing, and filtering false bubbles, to extract useful information about bubble
dynamics. The temporal resolution of these two techniques is easily improved by
employinghigh-speed image acquisition devices, however, the measurement accuracy
depends orbubble superposition and watdhrticle contamination, especiallgn a
cylindrical fluidized bed.Pseudo and real 3D reconstructed images of bubble
behaviors are provided lilge traditional ECT and the ECM&chniquesrespectively.
It is worth mentioning that theertical axis in a pseudo 3D reconstructed image
represents the time instead of the length scale. In addition, the informhtoh a
bubble frequencyand velocity ca be extracted from theolids concentration
fluctuation signals collecteffom ECT. Similarly to ECT, ultrafast Xay CT allows
the characterization dfubble coalescence and breakibpbblevelocity, andpseudo
3D bubble shape®NMRI provides bubble visualization merely in smdihmeter (e.g.
50 mm) beds, and the particles under test must corifdRIsensitive nuclei

(typically *H), which significantly limis the application of NMRI to bubble dynamics
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characterization. The pressiluctuation method is easy for operation and applicable
to fluidized bedsf various sizes. The bubble dynamic information (e.g. bubble size,
bubble frequency) isacquired through pressure signal analysis. However, the
interpretation of pressure signaks not straightforward due to the complexity of
pressure fluctuation. Thereforiye measurement accuracysisongly dependent on
the signal processingethodsemployed. In addition, the spatial resolution of pressure
fluctuation method is lower thathe aforementioned techniques used for bubble
characterizationAs another examplehé solids concentration can bbaracterized
through electrostatic induction sensors, ganmayadensitometry, ECT, Xay CT,
ultrafast xray CT,gammaray CT, LDA/PDA, and pessure fluctuatiomeasurement
resulting in different information about solids distributiohedirostatic sensors allow
the characterization of relative solids concentration near the ingtkbad of the
absolute value, wheredlse pressure dromeasurectan be used to derive tlaial
profile of solids concentrationGammaray densitometry results in lireveraged
solids concentration at each chordal length or projectiadhefluidized bed. ECT and
X-ray/ ultrafast xray/ gammaray CT provide crosssedional solids distribution
information despitetheir differences in the ‘softield’ and ‘hardfield’ measurement.
LDA/PDA is only applicable to dilute flow conditions, anlde maximunmeasurable
solids concentration depends on the laser power andsehsitivity of signal

processing equipment.

78



8.1. Sensors

At the current stage widevariety ofsensors applied on gaslid fluidized beds
allow the measurement of solids/particle velocity, particle size, particle trajectory,
solids concentration, bubble velocity, bubble dimension, cluster velocity, cluster size
electrostatic level, temperature distributiogiffusivity and some bulk dynamic
propeties. Each sensing principlenentioned in thisreview utilizes one of the
physical properties othe solids or gas phase. Some are based on the intrinsic
behaviours othe two-phase flow such as electrostatics, acoustic emisgibration,
thermal radiationand pressure fluctuation. Whereas others regstiraulation or
energy injectionsuch as Xray, gammaay andnuclear magnetic resonan&nceno
sensor can provide equally valid information covering the whole spectrutavof
scales it is a promising solution to combine different senstos enable data
acquisitionfrom the micrelevel to macrdevel. For exampleglectrostatic sensors,
AE sensors and accelerometers are sensitive to particle mtsteotow-frequency
envelops of the signals from these sensors represent bulk dynamics in fluidized be
Pressure senssifocus on the signals generated by bubble or bulk mofame
visualizationmethods such as photograpfBCT and Xray/gammaray CT provide
information abouthe wholesensing field Apart from the combination of different
sensors, the sensing elements set in a differential mode may be adaptadle to n
measurement techniques in future. Along with the continuous developments of the
existing techniques, new sensiesignsand apgktationsare continung to emerge.

For instance, dagrangian sensor system, mainly composed of an accelerometer, a
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magnetometer, a microcomputer and a wireless transmitter mbdsleecently been
developed to measure the forces on a-fne&ing object in a bubbling fluidized bed
[229]. The Lorentz forcevelocimetry based on exposing the fluidhder testto a
magnetidield and measuring the drag force acting upon the magnetic field286s
231], has now been applied twe&ly conducting fluids for thaneasurement of
velocity and flow ratg232, 233].1t is envisaged that thieorentzforce velocimetry
will be used on gasolid fluidized bedsas a novel nointrusive techniqueAn
improvement of infrared thermography Fesobeen proposed by employing propane
as the tracer gas and quartztlaswall material,which allows the use of ieelatively
inexpensive configuration for the measurement of detailed concentration[#8#]s
Moreover,integratedsensos operating on complementary sensing principleso be
developedthat allow the measurement of different flow parameters simultaneously,
without significantcompromise on the measurement accurloyvever, this requires
novel, or very likelymore sophisticatedsensor design and manufacture as well as
new signal processing techniques.

In anindustrial fluidized bedppaque walls andtr®ng backmixing of particles
usuallyinvalidate thetechniqueghat require optical access or dilute fleanditions
such as photographi?IV and LDA/PDA. Under hot and dusty conditionsargicle
accumulation in the sensing zone due to electrostatic adherence and particle
agglomeratioris alsoa seriouspracticalproblem.lIt is suggested that special means
should be taken to keep the sensing surface clean, such as introducing the purge gas or

installing a wiping mechanisninto the sensor. Moreover, under dense flow

80



condition thering-shape and arshape electrostatic indtion sensors may no longer
be applicabldor the measurement biulk solids velocity, sincéhe signalsrom these
sensors only reflect the particle motion characteristics near the Mallchemical
properties of solids also affect the measurement results from the sbasets on
electrical, resonancand attenuation principles. For instance, variations in moisture
content,environmental humidity and particle componentsotiuce significanerrors

in theelectrostatianeasurement. Therefore, these sensors must be calibrated using the
specific ype of solids to be measured in the fluidized bg&5]. Amongst all the
sensors mentioned, AE sensascelerometerand pressure sensors are suitable for
the process monitoring and measurement under harsh industrial conditisredso
promising toemploythering- and areshape electrostatic sensors in conjunction with
the rodshapé onesto probe the entire floield on a crosssectionof the fluidized
bed.Since tle techniques based on radiation, sucKX-waay/gammaray CT, RPT and
PEPT can still work normally in an industrial environmeittis feasible tause them

for online monitoring. Particularly, along with the advances imomographic
techniques, the fast and ultrafastra§y CT can be utilized taapture thdlow field
snapshots inndustrial fluidized bedsCosteffective radiatiorbased instruments are

also expected to emerge in future.

8.2. Sgnal and image processing

Signal processing is a crucial step to convan signalanto useful information.

There are numerous data analysis methods available-fwisiag and extracting the
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multiscalecharacteristic signals of fuidization process. Signals in the form of time
series are usually processed through {itomain analysis, frequenaomain analysis
and state space analysis. Differamalysismethodsaim toresolve the signaderies
from different aspects:orinstance, thastandad deviation of AE signal represerttse
particle fluctuation intensity, while the wavelet transform on AE signal eamsbd to
determine thearticle size distributionin view of the fast speed of signal processing,
electrostatic sensgrAE sensa, accelerometarand pressure sensare suitable and
already used for the dime monitoring andreattime measurement of industrial
fluidized beds. Apart from the conventional signal processing approaches, some
concepts an@nalysismethods originating from the turbulence thearg promising

in characterizingthe hydrodynamics of twghase flow. Sun et al[236, 237]
employed the continuous wavelet transform, autocorrelation methddExtended
Self Similarity (ESS) scaling law tanalyzethe particle fluctuation velocity signals,
according to which the flow field intermittency and particle vortex evolution in a
fluidized bed were characterizedlithough this work was based on CFDnslation,

the signalanalysismethods can bapplieddirectly to anyfluctuating signal series
from a sensorOn the other hand, signals in the form of pixels or those for image
reconstruction require more complex processing procedufer example the
thresholding and bubble trackirigchniquesare usually applied tthe raw images
obtained throughphotography or radiographto extract useful informatignand
reconstruction algorithen are required by tomographic techniq@eto produce

crosssectionaldistributionimages.Computational modéing provides a useful tool to
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help optimize theimage processing algorithmg, is therefore suggested thathe
modelling results angbrior knowledgeof flow field should be combined witthe
processingalgorithms ¢ improve themeasuremenaccuracyln order toenablethe
ondine monitoring and realtime measurementf fluidization parameterghrough
visualization the speed of signal processing and image reconstruction hlas to
improved. Moreover, enbedded image p#grocessing and reconstruction

architectureshould be considered in future development.

9. Conclusions

Gassolid fluidized beds are complex flow systerdse to their nonlinear,
multiphase and multiscale natute. order to make reliable scalp and operation
optimization of a fluidized bed, it is ofjreat significanceto characterizethe
hydrodynamiqoroperties accurateliiowever,it is challenging to depict a fluidization
processunambiguouslydue tothe diversities in possible phases, flow patterns and
fluidization regimes. Dedicated techniques are therefore redoiréde measurment
of both the global and local hydrodynamic parameters without disturbing the flow
field. This review has attempted to present a wide selectiorthefnon-intrusive
measurement techniques applicable to-gyd®l fluidized bed and define the
stateof-the-art in the development of the techniquéle authors are aware that there
are still inventions and publications not included in this paper for various reasons.

An idealnon-intrusivesensor should be reliable, robust, sensitive to flow changes,

suitable forreattime measurement and levost. In view of these requirements

83



sensorsuch aghe AE sensgraccelerometerelectrostatic sensor and pressure sensor
shouldbe preferentiallyconsideredor applicatiors to fluidized bedsYet, more work

is required toimprove the signatto-noise ratio andextract the characteristic
information fromthe raw signals.Essentially,the signalsrelatedto various flow
behavioursare hybrid and coupling, it is therefore logical tntegrate different
measurement techniquesobtain comprehensive flow informatiandifferent scales.
When choosinguitable techniquefor a given fluidizedbed we need to consider the
required spatial and temporal resolutions, measurement constraints (e.g. dense or
dilute flow condition, particle backmixing, temperature and pressu@nges,
variables to be measurdd.g. timeaveraged value oinstantaneous readipgnd
expectedaccuracies. For an industrial bedjsita potential way to combinie AE
sensor/accelerometer, electrostatic sensor, pressure sensofrapdCXtogetherto
characterize the averaged amtstantaneousvariablesboth locally and globally
Furthermore with the continuous advances in new materials, electronic components
and computing techniques, i feasibleto develop a sensor in which multiple
measurement functions are integrat€&brrespondingly,different dah processing
techniqueshould be applieth parallel toanalyzethe signals stemmed frodifferent

flow behaviours. It will benterestingto see thdurther developments and applications

of non-intrusive measurement techniques the characterization offluidization

systems in the next decade.
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