-

View metadata, citation and similar papers at core.ac.uk brought to you byf’f CORE

provided by Kent Academic Repository

Kent Academic Repository
Full text document (pdf)

Citation for published version

Sun, Jingyuan and Yan, Yong (2016) Characterisation of Flow Intermittency and Coherent Struct
in a Gas-Solid Circulating Fluidised Bed through Electrostatic Sensing. Industrial & Engineering
Chemistry Research, 55 (46). pp. 12133-12148. ISSN 0888-5885.

DOI
https://doi.org/10.1021/acs.iecr.6b03283

Link torecord in KAR
http://kar.kent.ac.uk/58430/

Document Version

Author's Accepted Manuscript

Copyright & reuse

Content in the Kent Academic Repository is made available for research purposes. Unless otherwise stated all
content is protected by copyright and in the absence of an open licence (eg Creative Commons), permissions
for further reuse of content should be sought from the publisher, author or other copyright holder.

Versions of research

The version in the Kent Academic Repository may differ from the final published version.

Users are advised to check http://kar.kent.ac.uk for the status of the paper. Users should always cite the
published version of record.

Enquiries
For any further enquiries regarding the licence status of this document, please contact:
researchsupport@kent.ac.uk

If you believe this document infringes copyright then please contact the KAR admin team with the take-down
information provided at http://kar.kent.ac.uk/contact.html

KAR e

Kent Academic Repository


https://core.ac.uk/display/60072341?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Characterisation of Flow Inter mittency and Coherent
Structuresin a Gas-Solid Circulating Fluidised Bed through
Electrostatic Sensing

Jingyuan Sur', Yong Yari

'School of Engineering and Digital Arts, University of Kent, CanterbueytkCT?2
7NT, U.K.

ABSTRACT

Flow intermittency and coherent structures are impohtgdtodynamic phenomema

a gassolid circulatingfluidised bed (CFB)In this work, a electrostatic measurement
system based arcshaped sensing electrodeslésigned and implemented on a CFB
test rig. Crossorrelation statistical analysisyavelet transform and probability density
function (PDF) are applied to theelectrostaticsignd processing, providing a
comprehensive description thfe solids velocity, solids holdyglow intermittency and
coherent structureehavious. A conditional sampling method usedto extractthe
coherent structure signals from the electrostatic sigBglomparing theextended
selftsimilarity (ESS scaling law curves before and after the extractiongetfextsof
coherent structures on the flow intermittereme further confirmed. Experimental
results have demonstrated thia¢ electrostatic signals contain important information
about the intermittent hydrodynamidoehavioursin a CFB, and he analysis of
electrostatic signals througippropriate method®sults inanin-depth understanding

of thefluidisationprocess

1. INTRODUCTION

Gassolid circulating fluidised bed (CFBs) enablethe particle handling and
chemical reaction proceedinmg various flow regimes, such as turbul@oidisation,
fast fluidisation and dilute transporOwing to the versatilityhigh gassolid contact
efficiency andexcellent heat and mass transfer capabiliFBs are extensively
employedin industrial processesuch as fluid catalytic cracking, coal gasification,

FischerTropschsynthesis, propylene polymerization and acrylonitrile produttion
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spite of the widespread applicationsye still have limited understanding ofie
hydrodynamic characteristics of CFEBsvhich limits the designand operation
optimization of the industriahstallationg. The main reasoior this underdevelopment
is that thechaoticsolidsmotion, diverseflow structuresand multiscalenteractionsn
a CFBare difficult to becomprehensively describeioreover, sich complexflow
behavious yield an important hydrodynamic property named the flow intermittency,
whichrefersto the intermittent occurrence of largeagnitude fluctuatiosreflected in
the flow signald The flow intermittency igaused by thentermittent nature of local
solids flow and th@resence of coherent flow structurésand isclosely relatedo the
non-uniform distribution of hydrodynamic parameters and the-expuilibrium flow
state. Thereforet is of significant importance achieve an wtlepth understandingf
the flow intermittency and coherent structures forflinelisation quality improvement
andoperation optimization

The intermittentphenomena inCFBs were originally characteried by the
intermittency index. It was derived from thelids holdup fluctuation data and used to
indicate the nomniformity of the flow field. The higher the index value, the more
flow strudures (e.g. particle agglomerates, particlesters) existing at the given
locatior™ & °. However, thisndex onlyprovidesa rough quantification and is in fact
insufficient todescribeghe complex intermittent flowehavious ina CFB If referring
to singlephasedurbulencethe flow intermittencyvasindicated by the deviation of the
Kolmogorov 5/3 scaling law in the energy spectfdm'l. Furthermore the
intermittency distribution and the behavious of coherentflow structures were
characterisethroughthewavelet transfornand autecorrelationof fluctuating velocity
signal$?®®, Based on the similaritiebetween the singlphase flow and gasolid
fluidisation, the flow intermittency and coherent structures in a bublflindised bed
were studied dr the frst time in our previous wotk ’. The computational fluid
dynamics CFD) simulation was used to obtain solids fluctuating velocity signals for
analysislt was found thathe flow intermittency increaseuth the radial distance and
height, andthe coherent structures were mainly presented in the form of particle

vortices.Although this work provides potentialway tocharacteris theintermittent
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flow behaviourdn a CFBfrom a new perspectivéhere’re stilltwo importantissues
that need to baddressedirstly, the flow field in a CFB is more complex than that in
a bubbling bed,such asthe fiercer gasolids flow, fulHloop solids circulation
coexistence of different flow regimes (edgnsephase regime at the bottom of tieer,
dilute pneumatic conveying regime in the upper part of the riser, mbedgegime in
the downerjnd dependence of operation conditions on ti@has velocity and solids
flux. Therefore, the flow intermittency amoherent structure behaviounsa CFBare
more difficult for accurate description aneluire special characterisatiddecondly,
very limited experimentation has been conducted to characterisenthenittent
hydrodynamic behaviours a CFB, which limits the application of thbaracteriation
methodology still in simulation results. A suitable measurement approach is thus
required to obtain fluctuating signals related to the solids motiomftermittency
analysis.

Electrostatic induction sensors are increasingly used to probe flthw
hydrodynamics in gasolid fluidised beddyy sensing the fluctuations of electrostatic
fields generated by particles collision and frictfthl. As thesesensors are highly
sensitive to moving particles and immune to net charge accumulatiopasintles
accretion effectsjch information about the solids motion is encoded in the electrostatic
fluctuating signals. Thereforéhe electrostatic measurement is especially suitable for
characterising the flow intermittency and coherent structure behawoarfluidised
bed.However until now, most work employing tleéectrostatic induction sensors on
fluidised beds still focused on the measurement of solids velocity and ténaetyg’.

Little work has been carried out for intermittency characterisation through thsianaly
of theelectrostatic fluctuating signals. For instangleang et at® measured the solids
velocity in a triplebed combined CFB using ringnd areshaped electrostatic sensors
in combination with electrical capacitance tomographyil8mmeasurement approach
wasthen applied on a bubbling bédDong et af° employed electrostatic sensor arrays
to monitor the charge level of the fluidised particeng et aP! studied the influence

of agglomerates on the electrostatic potential fluctuation measured by tinestéic

sensor arraysn thisstudy in consideration of th aforementionetivo important issues
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and the advantages of electrostatic induction senaarglectrostatic measurement
system is designed and applied on a CFB test rig to acquire the electrostat& signa
Wavelet transform, probability density functiand ESS scaling law aa@pliedfor the

first time to the electrostatic signal processing, in order to provide a coemsiee
description of the flow intermittency and coherent structure behaviours in therG&B.
localized solids velocity and relativaolids holdupare also obtained through cross

correlation and statistical analysis.

2. EXPERIMENTAL SETUP

Experiments were carried out on a-gasid CFB test rigasshown inFigure1. It
consists of a riser with an inner diameter of 0.1 m and a heightLah,a cyclone
separator, a downer and a butterfly valve. The entire system is made patests
Plexiglas except for two P\W8end connections. A perforatpthte distributor witha
pore diameter of 3.0 mm and an opening ratio of i{J#stalled at the bottom the riser.
Amino plastic particles (Martyn’s Bargaihtd, UK, Geldart B groupwith an average
diameter of 0.505 mm and density of 1500 kyimereused as bed materidls this
research Compressed aiis introduced into the risethrough a pressure regulator, a
diaphragm valve and a flowmeter. Tapes flow rates measured by the flowmeter and
adjusted through the diaphragm valVke superficial gas veloci{yg) varies between
3.9m/s and 5.1 m/dn the riser, particlearecarried upward by air and exit at the top
through a rightangled bend into the cyclone, where those partaieseparated from
air. Subsequently, the particles drop into the downeraefid back to the bottom of
the riser through the butterfly valve. The solilds (Gs) is controlled by adjusting the
butterfly valve openingand varies betwee#.0 kg/(m?-s) and19.4 kg/(n?-s). Gs is
determined through measuring the bed height increase in the downer after closing the
butterfly valve.Initially, particleswerepacked in the downer with a static bed height of
1.13m and asolids volume fractionf 0.51. Experiments were conducted at?1 and
atmospheric pressuréhe air density and viscosity during the experiments were 1.225
kg/m® and 1.81x10 Pas, respectively.

Figurel also shows$wo electrostatic sensor arragywuntediush to the inner pipe
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wall of the riser Each of them consists d¥vo identical nonintrusive areshape
electrodes. The axial width of each electra® mm, witha central anglef 70°. The
cente-to-cente spacing betweethe two adjacent electrodes in each ang&g0 mm.
The very wealksignal from the electrodies converted into aoltage signal angre-
amplified to a certainlevel before beingfurther amplified through an adjustable
amplifier. A low-pass filter with a cubff frequency of 10 kHis usedo eliminate high
frequency noiseBefore data acquisitionthe particles werdluidised at a certain
superficial gas velocity for 20 min to ensure that they were chargedtéadylevel.
Theelectrostatisignak weresampled at a frequency 26 kHz with a duration ofL20
s. To further remove higffrequencynoise from the signsl a digital low-pass filter
with a cutoff frequency of 2 kHzvas appliecnd a wavelet daoising techniqubeased

on Daubechiegbwas alsadopted for signal decomposition and reconstruction.

3. MEASUREMENT PRINCIPLES OF ELECTROSTATIC

SENSORS

The basic measurement principles of electrostatic sensors haweddegublished
in the literaturé>2’ and are only included here for the convenience of the raaftien
particles pass through a pair iofentical parallel electrodes in a sensor array, the
upstream and downstream signals should be similar, althougfagiselid flow in the
CFB is highly chaoticFigure 2 shows ypical voltage signalfrom the upper ensor
array underUg=4.5 m/s,Gs=19.4 kg/(m?-s). Here the ‘upstream’ and ‘downstream’
electrodes refer to the lower and upper ones, respectidédir similarity exists
between the two signals Figure2, indicating that within the short distance between
the upstream and downstream electrodiessolids velocity and concentratioanly
change slightlyCross correlation is thus applicable to fudids velocity measurement
from the electrostatic signals.

The correlation velocity is calculatéam,
v, == (1)
where L is the centreto-centre spacing between the upstream and downstream
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electrodesn a sensor array the time delay between tho signals. The normalized
crosscorrelation function betwedhetwo signalsci andyi (i=1, 2, ...,N) is expressed

as,

(%) (%0)
R ()= - @

\/Z(X —;)Z\/i(yi+m—y)z

i il

whereN is thenumber of samples in the correlation computatoi=0, 1, 2, ...,N)

the number of delayed points)_ﬁ and 9 themean values of the two signals,
respectivelyThelocation of the dominant peak in the correlation function indicates the
time delayr, and the dominant peak is regarded as the correlation coefficient, as shown
in Figure 3. The correlation coefficient mainly depends on the similarity oftwite
signals rather than the signal amplitubtethis work, the correlation computation for
each @ir of electrodes employed 8192 samples from both the upstream and
downstream signals during each data processing cycle. A total cfoliidvelocity

and correlation coefficiemeadings wergaken for each operation condition.

Although an areshape electrode is more sensitive to teelids motion in its
vicinity, it is still applicableto characterigg the relative solids holdupin the cross
sectional area occupied by moving particles in a vertical?pipeThe charges on
moving particlegely onparticle properties (g. particle species, size, shape, velocity
and moisture content) and experimental conditions (e.g. geometry of the teslti
roughness and temperature). When these factors are kept relatively constant, th
magnitude of an electrostatic signal is maitétermined by solids holdupherefore,
the root-meansquare (RMSrharge levelArms is used to indicate the relatig®lids
holdupin the risef®:

13,
Ams = VZX )
i1
wherex; (i=1, 2, ...,M) is theelectrostatisignal andM thetotalnumber othe samples

collected It is noteworthy thathis method cannot offer the exact value of solids holdup
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4. RESULTS AND DISCUSSION
4.1. SOLIDSVELOCITY AND CONCENTRATION

Figure4 shows the variati@of thesolidsvelocitiesnear the wall with timeinder
typical operation conditionsThe solids velocity fluctuates significantly around the
averagereflecting the chaotic nature of tki#B and thedynamic stable state of the
gassolid flow.

Table 1 lists the timaveragedsolids velocities near the wallshowing that
particles are accelerated upward with the height to the significant difference
between the gas and solids velocities at the riser boktomaldition, the average solids
velocities ah=570 mm andh=1860 mm both decrease with the solids flux and asze
with the superficial gas velocityThe negative velocities &tg=4.5 m/s and>s=19.4
kg/(m?- s)indicate theexistenceof a coreannulusflow pattern in which mrticles are
conveyed upward in the core dilute region while flow downward in the wall dense
region.Table 2 lists the timaveraged correlation coefficientdl of which are greater
than 0.% and represenstrong correlation between thgstream and downstream
electrostatic signals. Particularly, the passage of particle clusterghheopairof
electrodesalwaysgives rise to highly similar upstream and downstream electrostatic
signals, as the velocity and shape of particle clusters are relatively unchatiged
short distance. Thereforéhe correlation coefficients are the highedt gt4.5 m/sand

Gs=19.4kg/(m?-s), under which particle clusters dominate the solids flow near the wall.

Table 1 Time-aver aged solids velocities near thewall under typical operation conditions

Operation Ug=4.5 m/sGs=7.4 Ug=4.5 m/sGs=19.4 Ug=5.1 m/sGs=19.0

conditions kg/(m?-s) kg/(m?-s) kg/(m?-s)
h=570 mm 1.26m/s -0.94m/s 1.07m/s
h=1860 mm 1.32m/s -0.62m/s 1.33m/s

Table 2 Time-aver aged correlation coefficients under typical operation conditions

Operation Ug=4.5 m/sGs=7.4 Ug=4.5 m/sGs=19.4 Ug=5.1 m/sGs=19.0
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conditions kg/(r& s) kg/(?-s) kg/(m?-s)

h=570 mm 0.55 0.77 0.56

h=1860 mm 0.56 0.76 0.68

Figure 5 showsthe axial profiles of the RMS charge level tbk electrostatic
signals(Ams) undermore operationconditions. The relative solids holdigasically
decreases with the height, excepttfat atUy=4.5 m/s Gs=7.4 kg/(nt-s) andJgy=5.1
m/s,Gs=7.4 kg/(nf-s).This may be attributed to the strong solids mixing and relatively
uniform distribution ofthe solids suspension in the axial direction under these
conditions. Moreover, at bothg=4.5 m/s andJ4=5.1 m/s Arms Significantly increases
with the solids flux showing a consistent variation tendency with the solids holdup
measured through an optiddre prob&®. HoweverwhenGs is kept unchangedo
monotonougendency isexhibitedin the variatios of Ams with the superficial gs
velocity, due to theopposite effects of theimultaneouly changedsolids holdupand
velocity onAsms.

Apartfrom Ams, the variation tendencies of solids holaam be predicted through
empirical correlations. Due to the non-uniform sobdgal distribution in the riser, the

solids holdugn the lower denser pawy, is used as an indicator of the overall solids

holdupin the riserWhenGs is lower than the dtical solidsflux, G, eq increases with

Gs and decreases withy. While whenGs is higher thanG_, ¢4 is independent 062,

G, is calculated frorif,
G.d PPy |
;g =0.125r"*Ar 0-63(2—99] 4)
Fr= (g:jﬁ (5)
. dspggiﬁs - p,) )
g

where d is the particle diametery, the gas viscosity,Fr the Froude number,



Ar the Archimedes numberp, the particle density,po, the gas density,g the

gravitationalaccelerationTherefore,for U, =3.9 m/s, 4.5 m/s and 5.1 m/&, is
87.9 kg/(n%s), 114.5 kg/(rhs) and 144.4 kg/(fs), respectively. All th&s employed
in the present work is lower than the correspond@®g Thereforethe overallsolids

holdup always increases witthe solids fluxand decreases wittne superficial gas
velocity.

4.2. WAVELET FLATNESSFACTORSAND FLOW INTERMITTENCY

A CFBis a typical complex system composed of multis¢lal& structures and
showing both irregular and ne@andom characteristicAs stated abovethe flow
intermittencyreferring to the intermittent occurrence of largagnitudefluctuatiors,
is primarily determined by the presence of coherent strucfurés singlephase
turbulencecoherent structusaredefined as theonnected, largscale turbulent fluid
mass withphaseeorrelatedvorticities and contaiing high flow energy’. They were
also found to exhibit symmetric, periodic and apparent flapping niéti®imilarly in
a riser, it is known that the flow intermittenisystrongly dependent on the presence of
particle cluster3®® which should thus be regarded as coherent structures. In addition,
particle vortices are classified as typical coherent structures in a butbhiliiiged bed,
as they are generated by velocity gradients and wall stesayjng flow energy and
heterogeneity/. Owing to the frequent appearance of particle vortices in the chaotic
flow field in ariser?, it is logical to classify the particleortices as coherent structures
as well The flow intermittency and effects of coherent structures cahéecterised
by analysingthe fluctuatingflow signals through wavelet transform in combination
flatness fact'®. Since electrostatic signals contain much information about the solids
flow in a CFB, they are employed for the intermittency characterisation invtrls
Moreover,owing to the differencing chacteristicsthe Daubechies 1 wavel@daar
wavelet) is commonly used for identifying the ‘events’ that produce sudden easiati
of the flow field and the presence of intermitteicy. Therefore, e electrostatic

signals collecteavere firstly resampled to 200 Hz and then decomposed into 14 scale



based on Daubechies1
The flatness factor of wavelet coefficisiiibbreviated awaveletflatness factor

hereinafter) at each scale was computed from,
w (1))’

{ ©) > )
(o))

<(vw>(t))2>: [ (W) p(w" (0)d (W (1)) ®)

—00

FF(r)=

(w0} = (0 ofor” ) 0) ®
wherer represents the scale/W)(t) the wavelet coefficient at scateand timet,

p(vv(r) (t)) the probability density ofw” (t) antﬁl) the average over the time.

FF(r)=3 for no flow intermittency and the signal in Gaussian distribution,
FF(r)<3 for strong periodicity of the signal,
FF(r)>3 for strong flow intermittency caused by cohergnictures,

Figure 6 shows thevariations ofwavelet flatness factawith the frequency and
heightunderUy=4.5 m/sGs=19.4 kg/(nt-s) Similar tendencies aexhibitedatall the
heightsunder investigationThe wavelet flatness factors are arouratitBe frequencies
lower than2 Hz, indicating weak flow intermittency. Based on the cascade theory of
turbulent energy®’, suchfrequency scope belongs to the energgtaining range and
inertial range, in which théemporal and spatial distributions of ldvequency
fluctuations are relatively uniform owing to their longer peridgttem?2 Hz to 150Hz
is the dissipatiomange where the wavelet flatness factwst slowly and then rapidly
increasesvith the frequiency, along witmore significantdifferences among the profiles
at different heightslt is known that when the flow energy is transported from low
frequencieqlarge scalgsto high frequenciegsmall scales some smaikcale flow
structures with heterogeneitye generated. Moreovéhe energy distributiorat small
scales becomes less uniform due to the impac¢keqgtiasiordered motiomf coherent

structured’. Such motionin the risermainly refers to the intermittent formation,
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disintegration andluctuation of particle clusters, awell as the rotation of particle
vortices Based on these reasotig flow intermittency is significantly enhancedhe
dissipation rangeln addition the wavelet flatness facwin the dissipation range
basically increasevith the height representing increasdtbw intermittencyat the
higher positions This is because thieigher suspension density at the riser bottom
homogenizes particle clustengar the wall and restricts thdiuctuation motion to
some extent, while thdiluter flow condition in the upper part of the rigeads tanore
significantfluctuation of particle cluster§he two profiles ah=560 mm and 580 mm,

as well as those &=1850 mm and 1870 mm, are close to each otherethe particle
cluster motionare highly similar within such a short distance (stated in Section 4.1).
Figure6 also shows that the flow intermittency is mainly exhibited in the dissipation
range. Thereforen the following discussigrthe wavelet flatness factors in this range
areadoptedas an indication of flow intermittency in the whole spectrum.

Figure7 shows the variations efavelet flatness factor with the frequency and
solids fluxunderUg=4.5 m/s.The heights of 1850 mm and 1870 rane focussed on
owingto themore significantlow intermittencyin the upper part of the riser, as stated
above. The wavelet flatness factorsderGs=4.0 kg/(nt-s) andGs=7.4 kg/(nt-s) are
relatively low andclose to each other, as patrticles in the riser are mainly conveyed
upward athelow solids fluxes and ledtow structures and heterogeneity exist in the
flow field. However, the sudden increasethe wavelet flatness factors in 2~10 Hz
underGs=7.4 kg/(nt-s) may still be caused by some intermittent solids behaviours in
theupperpart of the riseiWith the solids flux increased to 19.4 kgf{s), thewavelet
flatness factors in the dissipation range sigaiitly increaseAs stated in Section 4.1
the overall solids holdup in theser increases with the solids fluxhich leads tdhe
formation of acoreannulus flow pattern and more particle clusters flowing along the
wall. The flow intermittency is thus enhancéthe existence of particle clusters is also
confirmedby thenegativesolids velociiesasshown in Tabld.. In the meanwhile, more
particle vortices are induced near the wall owing to the increasechétevogeneity
and \elocity gradients, and their influence on the flow intermittency is also teflec

from the wavelet flatness factor variatioridoreover,the wavelet flatness factor
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distribution undetd4=4.5 m/s,Gs=19.4 kg/(n%-s) is much steeper than the other two
profiles, indicating more sensitive dependence of flow intermittency ofmetyeency
due to the stronger influence of coherent structureabefiow field.

Figure8 further shows the variations of wavelet flatness factor with the frequency
and solids flux underUg=5.1 m/s. Similar tdrigure 7, the wavelet flatness factors
gradually increase with the solids flux, especially in the dissipation ramageg to the
enhanced formation and motion of coherent structures. In addhierigh wavelet
flatness factors in 0.1~0.6 HmderUy=5.1 m/s,Gs=7.4 kg/(nf-s)in Figure8(a)is
attributed to somw-frequency intermittent solidsehaviours under this condition.

Figure9 shows the variations of wavelet flatness factor with the frequency and
superficial gas velocityinderGs=7.4 kg/(nf-s) The wavelet flatness factors in the
dissipation range significantly decrease with the superficial gas welwainly due to
the decrease of thwverall solids holdu@s stated in Section 4.As the flow patterns
underUg=4.5 m/sGs=7.4 kg/(nf-s) andJy=5.1 m/s Gs=7.4 kg/(n¥-s) are close to the
pneumatic conveying, particles are prone to be conveyed upnvérd riseyleading
to the reduction of the formation and motion of particle clusters. In additien, t
intensity of particle vortices is reduced due to thehessrogeneitgxisting inthe flow
field.

4.3. PDF of WAVELET COEFFICIENTS

Flow intermittency yields an important consequence named the flow singularity,
which isreflectedin thewide tails of thePDF of wavelet coefficierdg derived from the
fluctuatingflow signal$?'’. Such wide tails with large negative and positive wavelet
coefficients thus represent tbgents of large and small amplitudes, compared to the
mean, which make an important contribution to the statistics and are usuaéy tela
flow intermittency®. In this section, thelectrostatic signalwerefirstly resampled to
2.5 KHz and then decomposed ir266 scales through continuous wavelet transform,
based on which the PDF of wavelet coefficgeat each scale wasomputed The
Mexican hat wavelet was chosen as the wavelet hagis suitable for the fluctuating

signal interpretatiomndthe coherenstructure analyst$ 3. The relationship between
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the wavelet scale arftequency is expressed'ds

f o Fcrfs (10)

wheref; is thepseudofrequency corresponding to tivavelet scale, Fc the central
frequency of thevavelet basis, anti the sampling frequenc¥igure 10 shows the
typical PDF of wavelet coefficiestat scalegl, 16, 32, 64, 128 and 256he frequency
range represented by these wavelet scales is 2.4~156.2 Hz, basicallynonsiktthe
dissipation rangasshown inFigure 6~Figure 9. With the increase of scalthe PDF
curveshifts toa ‘wider and shorter’ shape, indicating that the probabilitthesmall
wavelet coefficients decreaseswhile that of the large wavelet coefficients
correspondinglyincreases This is becausemost flow energy contained in the
electrostatic signals is occupied by lngquency solid fluctuations.In addition,
Figure10 showssignificant norsmooth ad asymmetricalvide tails at scaleé4, 128
and256, which are related to the complex effects of the epralgired coherent structure
behavioursatthe lower frequenciesntheflow intermittencyatthe higher frequencies
asthe Mexican hat wavelet acts as a ‘probe’'detectingcoherent structuresom the
fluctuating signalsln the following work, we will focus on the scales 32, 64, 128 and
256, at which coherent structures play an important role.

Figure 11 shows thePDF of wavelet coefficientsinder Ug=4.5 m/s,Gs=7.4
kg/(m?-s) andJ4=4.5 m/sGs=19.4 kg/(n?- s).At all the heights investigated, the wide
tail probability at a certain scale significantly increases withsthiels flux, and the
nonsmoothness and asymmetry of the wide tails are also enh&scaidrementioned,
the formation and motion of coherent structygpesticle clustersparticle vorticeyare
strengthenewith the increase of solids flukgsulting instronger influence on the flow
intermittencyat smaller scales (higher frequencies). Therefore, more singularities are
exhibited in thdluctuating signalsCompared-igure11(c) and (d) td-igurell(a) and
(b), thePDF curves unde®s=19.4kg/(n?-s) showmore significant norsmoothness
and asymmetryat the higher positions, indicating stronger influence of coherent
structures on the flow field in the upper part of the riser. A consistent conclusson wa

also derived from the variationswévelet flatness factor figure6. In addition,slight

13



asymmetryis exhibited in the PDF wide tails und8g=7.4 kg/(n%-s) inFigure 11(d),
which may be related to the sudden increase of wavelet flatness factoiQ¢ndet
kg/(n?-s) inFigure7(d).

To further demonstrate the variation tendencies of the ¢DFeswith the solids
flux, Figure12 compares the PDF of wavelet coefficients undigr4.5 m/s,Gs=4.0
kg/(m?-s) andUg=4.5 m/s, Gs=7.4 kg/(nt-s) ath=1850 mm andh=1870 mm,
respectively. These two heighése focussed on owing to the stronger influence of
coherent structures on the flow field in the upper part of the riser, as stated above
Similar toFigurell, thewide tail probabilityat a certain scalacreases with thsolids
flux, despite less significamtonsmoothness and asymmetry are shown in the PDF
curvesin Figure 12.

Figure 13 compareghe PDF of wavelet coefficientsnderUg=4.5 m/s,Gs=19.4
kg/(m?-s) andJg=5.1 m/s,Gs=19.0 kg/(n?-s).As the solids fluxes undésq=4.5 m/s
and 5.1 m/s are kept basically unchang®g19.4 kg/(nt-s) is adopted here for ease
of comparisonAt all the heights investigated, the wide tail probability at a certain scale
significantly decreases with ttseiperficial gas velocity, and thnsmoothness and
asymmetry of the wide tails are also weakened. This is due to the reductlom of t
formation and motion of coherent structuras a higher superficial gas velocity.
However, the wide tails and the correspondisgmmetryunderUg=5.1 m/s inFigure
10(c) and (d) arslightly stronger than those Figure 13a) and (b)indicatingstronger
flow intermittency in the upper part of the riser under this conditubwch isbasically
consistent with the variation tendencies of wavelet flatness factors shéuguie7.

Figure 14 further compares the PDF of wavelet coefficients ukbed.5 m/s,
Gs=7.4 kg/(nt-s) andJ¢=5.1 m/s Gs=7.4 kg/(n%-s).Similar toFigure13, the wide tail
probability at a certain scale basically decreases witsuperficial gas velocity, except
for that ar=256 inFigurel4(b).This indicatesimilar effectsof thecoherent structures
on the flow fieldath=1870 mm under the two operation conditions.

4.4. EXTRACTION OF COHERENT STRUCTURE SIGNALS
To further prove the existence of coherent structures and their influenceflomthe
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hydrodynamicsin the CFB the characteristic signals of coherent structuwese
extractedrom theelectrostatisignalsthough a conditional sampling methddthe ESS
scaling law waghen applied to the signals before and after the extraction for the
comparison of flow intermittency. The extraction strategy and these&ig lawhave
beenelaboratedn our previous worland are only briefly introduced here for the sake
of clarity’.

When an energetic coherent structure passes through a certain psisigjolarity
will appear in theelectrostaticsignal. As a result the firstindicator of the coherent

structure is the local intermittency expressed as,
(w) (1))
(W)

wherer represents the scaley'” (t) the wavelet coefficient at scal@nd timet, and

1(r,t)= 1)

( } the average over the time. The second indicator is the wavelet flathessatactor

eachscale(FF(r)), asgivenin Eq.@). By implementing the following algorithm on the
electrostaticsignals, the coherent structure signalsexteacted and exeded from the
original signals:

(1) The electrostatic signadsefirstly resampled to 5 kHz and then decomposed into
64 scales based on the Mexican hat.

(2) ForFF(r)>3, a threshold with an initial value of 1Ris exertedon|(r, t), and the
wavelet coefficientsesulting inl(r, t)>T areset to O.

(3) Recalculatd-F(r). If FF(r)>3, T is lowered and the above two stegrerepeated
until FF(r) at all the scales aeqjual to or less than 3.

The ESS scaling law in the form of wavelet coefficients is expressed as,
r p r 3 g“(p)
<‘\M (1) >oc <‘\M (1) > (12)

where p is any positivanteger and §(p) the scaling indexepresenting the flow
intermittencyWhenno intermittencys exhibited in the signal,

£(p)=p/3 (13)
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Otherwise ¢'(p) will deviate fromp/3*. In this work,p was set to 4 and the wavelet
coefficients athe scale®, 4,8, 16, 32and 64 wereused to fit the ESS scaling law
curvesWhen the wavelet coefficients at a certain scale all became 0 after the extraction
processing, such scale was excluded fromcthee fitting. Figure 15 and Figure 16

show the relationship between |n <‘W<f)(t)‘3> and |n<‘w<r>(t)‘4> under different
operation conditions and heighisfore and after the extraction of coherent structure
signals,with {( p) represented by the slopes of the curidegore the extractigrthe

ESS curves under different operation conditions show different variation tendencies
while afterthe extractiorthey coincide with each otheery well Table 3 lists¢ (p)

before and after theignalextraction, comparetb the idealvalue computed from Eq.

(3. {( p) is found to deviatérom the computed value of 1.8&fore the extraction,

indicating intermittencyin the solids flow field However, after the extractiod ( p)

becomes equalr highly close to 1.33 under all the operation conditions and heights.
This demonstragsthatthe coherent structurdeadng to flow intermittencydo exist in

the riser and thesignalextractionapproactemployed in this works valid.

Table 3 {(p) under different operation conditions before and after the extraction of coherent

structure signals

Beforesignal  After signal  {(p) from

Operation condition Height
extraction extraction Eq.(13)
Ug=3.9 m/sGs=7.4 kg/(n%-s) 1.18 1.34 1.33
Ug=4.5 m/sGs=7.4 kg/(n%-s) 1.30 1.31 1.33
Ug=4.5 m/sGs=19.4 kg/(ni-s) 1.27 1.33 1.33
h=560 mm

Ug=5.1 m/sGs=4.0 kg/(n%-s) 1.20 1.34 1.33
Ug=5.1 m/sGs=7.4 kg/(n%-s) 1.20 1.34 1.33
Ug=5.1 m/sGs=19.0 kg/(nd-s) 1.31 1.33 1.33
Ug=3.9 m/sGs=7.4 kg/(n%-s) 1.20 1.33 1.33
Ug=4.5 m/sGs=7.4 kg/(n%-s) 1.31 1.33 1.33
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Ug=4.5 m/sGs=19.4 kg/(ni-s) 1.29 1.33 1.33

h=1850 mm
Ug=5.1 m/sGs=4.0 kg/(ni-s) 1.20 1.33 1.33
Ug=5.1 m/sGs=7.4 kg/(n%-s) 1.20 1.33 1.33
Ug=5.1 m/sGs=19.0 kg/(d-s) 1.29 1.32 1.33

5. CONCLUSIONS

A multi-channel electrostatic measurement sysbased orarcshaped sensing
electrodes has beemployedon a CFB test rigCrosscorrelation statistical analysjs
wavelet transform and probability density functionhave beenapplied to the
electrostatic signal processing for theharacteriation of solids motion flow
intermittency and coherent structusehavious. Strong correlation has been shown
between the upstream and downstredettrostaticsignals, and the flow pattern has
been indicated by theme-averaged solids velocitieRarticle clusters and partcl
vortices have been regarded as coherent structures in thdt@@B.been found that
the flow intermittency anthfluenceof coherent structures are enhanced with the solids
flux and weakened with the superficial gas velo®ty.comparing the ESS scaling law
curves before and after the extractmincoherent structure signalthe influence of
coherent structures on the flow intermittency has been further confifthedesults
presented in this paper have demonstrated thatléttrostatic signals generatedha
CFB contain important information abotite complexflow field. By applyingthe
intermittency analysis methods to the electrostatic signals, the intermittent
hydrodynamic behavioutsavebeen appropriately charaasd,leading toan indepth

understanding of the fluidisation process.
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FIGURE CAPTIONS

Figurel. Layout of the gaselid CFB test rig

Figure 2. Typical voltage signals from the upper sensor atdgy4.5 m/s,Gs=19.4
kg/(m?-s) (after filtering and wavelet d®sing)

Figure3. Typical correlation function between the upstream and downstream signals
Ug=4.5 m/sGs=19.4 kg/(n%-s) (after filtering and wavelet dwsing)

Figure 4. Variations of the solids velocities near the wall with time under typical
operation conditionga) h=570 mm, (b)h=1860mm

Figure5. Axial profiles of theRMS charge level of electrostatic signals

Figure6. Variations of wavelet flatness factor with the frequency and hdighy.5
m/s,Gs=19.4 kg/(nt-s)

Figure 7. Variations of wavelet flatness factor with the frequency and solids flux,
Ug=4.5 m/s, (ajp=1850 mm, (bh=1870mm

Figure 8. Variations of wavelet flatness factor with the frequency and solids flux,
Ug=5.1 m/s, (ajp=1850 mm, (b)h=1870 mm

Figure9. Variations of wavelet flatness factor with the frequency and supérgas
velocity, Gs=7.4 kg/(nt-s), (a)h=1850 mm (b) h=1870 mm

Figure 10. Typical PDF of wavelet coefficients from the electrostatic sigmed$850
mm, Ug=4.5 m/sGs=19.4 kg/(n%-s)

Figurell.PDF of wavelet coefficients from the electrostatic signals udge#.5 m/s,
Gs=7.4 kg/(n%-s) andJg=4.5 m/s,Gs=19.4 kg/(n%-s), (a)h=560 mm, (bh=580 mm,
(c) h=1850 mm, (d)h=1870 mm

Figurel2.PDF of wavelet coefficients from the electrostatic signals udge4.5 m/s,
Gs=4.0 kg/(nt-s) andJy=4.5 m/s Gs=7.4 kg/(nt-s), (a)h=1850 mm, (hh=1870 mm

Figurel3.PDF of wavelet coefficients from the electrostatic signals udge#.5 m/s,
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Gs=19.4 kg/(nt-s) andJg=5.1 m/sGs=19.4 kg/(n-s), (a)h=560 mm, (b)=580 mm,
(c) h=1850 mm, (d)h=1870 mm

Figurel4.PDF of wavelet coefficients from the electrostatic signals udge4.5 m/s,
Gs=7.4 kg/(nt-s) andJg=5.1 m/s Gs=7.4 kg/(nt-s),(a) h=1850 mm, (b)i=1870 mm

Figurel5.ESS scaling law curves under different operation conditions before and after
the extraction of coherent structure signbh60mm, p=4, (a) before extraction, (b)

after extraction

Figurel6.ESS scaling law curves under different operation conditiorséahd after
the extraction of coherent structure signatsl 850mm, p=4, (a) before extraction, (b)

after extraction
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