On the Statistics of Velocity Fluctuations of Geldart A Particles in a Circulating

Fluidized Bed Riser

Avinash Vaidheeswaran,* Franklin Shaller, and Balaji Gopalan'
National Energy Technology Laboratory
3610 Collins Ferry Rd
Morgantoun, West Virginia 26505
(Dated: November 9, 2017)

The statistics of fluctuating velocity components are studied in the riser of a closed-loop circu-
lating fluidized bed (CFB) with Fluid Catalytic Cracking (FOC) catalyst particles. Our analysis
shows distinct similarities as well as deviations compared to existing theories and bench-scale ex-
periments. The study confirms anisotropic and non-Maxwellian distribution of fluctuating velocity
components. The velocity distribution functions (VDFs) corresponding to transverse fluctuations
exhibit symmetry, and follow a stretched-exponential behavior up to 3 standard deviations. The
form of transverse VDF is largely determined by inter-particle interactions. The tails become more
over-populated with an increase in particle loading. The observed deviations from the Gaussian
distribution are represented using the leading order term in Sonine expansion, which is commonly
used to approximate the VDFs in kinetic theory for gramular flows (K'TGF). The vertical fluctu-
ating VDFs are asymmetric and the skewness shifts as the wall is approached. In comparison to
transverse fluctuations, the vertical VDF is determined by the local hydrodynamics. This is the first
reported observation of particle velocity fluctuations in a large-scale system and their quantitative
comparison with the Maxwell-Boltzmann statistics.

1. INTRODUCTION

The interest, in exploring the distribution of random
particle velocily arises [rom its analogy with molecu-
lar velocity, albeit significant dillferences have been es-
tablished in the past. Theoretical analyses including
van Noije and Ernst [1], Ernst and Brito [2], and Bar-
rat. et al. [3] have proposed the veloeity distribution
function (VDF) to assume a stretched-exponential form

Ple) ~ ¢ ald®  The bench-scale experiments (on the
scale of a laboratory work table) on vertically vibrated
beds [4-8], have confirmed the existence of this behav-
ior. The deviation [rom Maxwellian distribution has also
been recorded in an electrostatically driven granular me-
dia (Aranson and Olafsen [9] and Kohlstedt et al. [10]).
According to the theories of Ben-Naim and Krapivsky
[11] and Ben-Naim and Machta [12], the sealing in the
VDF tails [ollows P(e) ~ |¢| 7, also observed in the nu-
merical simulations of Ben-Naim and Machta [12] and
experiments of Moka and Nott [13].

The knowledge of VDF is imperative in understand-
ing the particle-seale dynamies and its inflluence on the
macroscopic behavior of the system. VDF is represen-
tative of energy cascade, and could be considered analo-
gous Lo Fast Fourier Transform (FFT) spectra commonly
used Lo characterize turbulent single-phase ows. Fur-
ther, the constitutive relations for the Eulerian two-fluid
model using the kinetie theory for granular flows (K'TGF)
arc obtained [rom the moments of VDF. Finally, VDF
measurements could provide an important database [or
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validating the computational models for gas-solid [lows.
While developing the KTGF, il is common Lo approxi-
mate the VDF using a Sonine expansion aboul the refer-
ence state having a Gaussian distribution [14], [15]. De-
viations are present. when the VDF tails become over-
populated [16, 17]. Besides, the VDFs are assumed to
be symmetric, which is nol. expected to be the case lor a
driven system having a preferred direction of mean mo-
tion. Bench-scale experiments of Moka and Nott [13] and
the Direct Numerical Simulation (DNS) results of Liu et
al. [18] have conlirmed the directional dependence of
VDF on the nature of [orcing.

It is important Lo check the validity of the proposed
theoretical assumptions for a larpe-scale system being on
the order of an industrial facility (based on dimensions
and operating conditions). Particles are transported us-
ing a carrier phase in such applications, and it remains Lo
be seen il additional perturbations are introduced Lo the
Maxwell-Bollzmann statistics. In this paper, we report
the VDFs in a large-scale system, which to the best of
our knowledge has never been done in the past. Another
significant. feature is that velocity [uctuations are ob-
tained when mean particle velocities are non-stationary
[19], which is usually not the case for bench-scale exper-
iments.

II. EXPERIMENT

The Circulating Fluidized Bed (CFB) experiments
were perlormed in an 8 in. diameter CFD riser at Partic-
ulate Solid Rescarch Inc. (PSRI) laboratories [19]. FCC
particles were used having a mean diameter of 81 pm, and
a mean parlicle density of 1490 kg/m?*. According (o the
classical Geldart classification [20], particles are grouped



twser] on Lheir physical properties, FOC particles belong
o Grooup A sl are elighily cobesive,  Mechanisms in
cludizgg electrsiatics, capllary and van der Wials orees
cibanee the rate of cluster frmatkon [21], whose oocur-
renene resull i strelchel Ginesian velocilby distribadion
as e plained in Bection T The fheidizing mediom was
alr al, atoeosphene condivions, The descriplion of L fo-
cility can be fnend in Gogealan und Shaller [19], |22]. The
auperlicial gra velocivy in the cxperiments eonsidered is
18.3 m/s, while the solids Qux varies (49 kyfm? /s for
PSRN amel 300 ki fra? s for PSRIZ). The transverse and
Alrcamwdse Quetnating soelocity data repeosted o (e -
ool analysis were ohlaioed ol oan eleation ol 20 m (98
rizcr dimrmeeters | ahove: Uhe gas distribotor at Ghe Tollowing
riwfial Jocalames: U io. {ecaber), 2 ., 3 in., 3.5 i, and
Aim. (wall]. The HMigh-Specsd Tariacle Tomage Velocime
ey (HIEPTV) borcseopo aysteim uaed Lo acouice the data
comsisls ol Lhe Tllowing componeais:

# VYisicn Hrsearch Phantom w1200 kigh spesd cnmern
(1280 X LR puxcks)

w Visgn Ihesesreh Canestaticn high spesd  data
recording sysiem
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The: ¥Wisio Hesearch v PR camera his a 12-hit pray seale
restlution and hias the capabilicy of rosording wp Lo G300
Irimes per secmmd al Dol resolution, At a lowersd resolu
Lioar, Ll Crauoe rade was bebween 2105k and 375k frames
pet second, and the magnification was adjusted such that
1 pixed desplacvaneat would cormosgeomd o 16 - 26 e,
This provides slirpate el resclotion e micssene
very high partiche velocities and the sequared spatial pos-
ol ilinn L ensnn acsenracy,

The IIEPIV wechiobgoe developed at the National Eo-
ey Trchnaodgry Lnbormdory,  Diepariment of  Enerpry
[NETL-DOE] wass used bo measure particle vebocilaes i
Musiclizsd Taeds |20 and OFD risers [22). Caleulaliog local
mcan voelerity i2 trivial whem Uhere are o aullicient mumber
of particles in tle Gold of view. Howeser, e stasdacd
Hrynohds deecenposition lechwigque is inadepae, espe-
clally In reglons having o ke pactiele count, aod hesee a
Jocal window averaging Lecliobgee | 19] is sed. A Lompo
ral extension is provided Lo the ficld of view for aceurate
platistics,  As U pombes of particles in e avesaging
wirndinw is ineresased, Lhere is o trnsiticn froan Be ougler-
patnplod reglme Lo por-slationay ogins which opoe-
pcnts an opdimiwm windew giee, The results shown are
cerilimmnied 1o ber insensitive o small viriadions in the we-

Cringingg window.

1. HESULTS

Tl iwessremends froan the CFI riser ane obdiinesd
under dense wp-lNow comditions [22], where thie mean par-
ecle welocily is pesilive aermss any given cross-sechion.
The WEFs {Figure 1) correspond o U histogram ol nor-
mmalizod Queiusting velocity compoenenl,
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edipcction. Tl diststbutions cxhibal poo-Mascwellian be-
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on measurcments in a granular bed with vertical vibra-
tions. The difference in the coellicient e and exponent 3
could be due to a combination of the lollowing [actors:
dilference in the hydrodynamies, dilference in dimension-
ality ol the problem, and dilference in particle properties.
It is inleresting to note that the data points can be col-
lapsed on to a single distribution when normalized using
v, and the core structure of the VDF is preserved as we
move [rom center to wall, The lack of external forcing in
the transverse direction results in a symmetric distribu-
tion at any given radial location.

Following the theory of van Noije and Ernst [1], the
VDF is obltained using Sonine expansion aboul the
Maxwell-Boltzmann distribution which lollows,

P(e;) = P;,m(r;g}(l + Eu,,s,,(sf)) (3)

p=1

where, the normalized Maxwell-Boltzmann distribution
is given by,

e <

PMH{“«;) - F (4)

The second-order Sonine polynomial is given by,

1 3 3
5'-'2((:?] = E{:f — ch + 3’ (5)

and as which is the [irst non-trivial cocllicient in the ex-
pansion is given by,

({e) —3(c2)?) (6)

1z —

] I

The deviation [rom the Maxwell-Boltzmann distribution
is representative of kurtosis of the VDF given by,

Aler) = a28(c3) (7)

To our knowledge, the only work pertaining Lo measuring
this deviation using experiments is reported in Reis et al.
[8], and we [ollow a similar approach for the most part.
The coefllicient. as was used as a itLing parameter by Reis
el al. [8] which was attributed to sampling noise at high
¢;, and was found to be [airly constant [or all the condi-
tions considered. The deviation in the current analysis
is obtained aflter evalualing as from the data given the
[act that the decomposition technique [19] is proven Lo
yield accurate statistics over a wide range ol operating
conditions. The measurements are in very good agree-
ment with the theoretical deviation away [rom the wall
but deviate as the near-wall region is approached (Fig-
ures. 2,3).

The VDFs ol normalized stream-wise uctuations ¢, =

e arce asymmetric (Fig. 4) at all radial loeations.

ﬁ“:l'ly [rom the wall, the histograms lic close to a Gaus-
sian distribution having a noticcable skewness. The in-
criia of carrier phase generales a prelerence lor upward
velocities resulting in an over-populated tail in the posi-
tive dircetion. The hydrodynamics change near the wall,

and there is a preferential alisnment along the direction
of gravily. The skewness shilis and the population in
the negative end of the tail increases. The shape of the
VDF corresponding Lo vertical Nuetnations is largely de-
termined by the hydrodynamics, unlike the horizontal
VDF where the particle interactions have a dominant, el-
fect.

The results are analogous to the lindings of Rouyer et
al. [23] who observed stretched exponential behavior and
anisolropy in VDFs, and attributed this to Levy dight of
particles. In CFDBs, clusters and streamers provide ex-
tended trajectories [or particles. The interfacial shear
exerled by gas on such high-density conligurations result
in excursions leading Lo a Levy [ight like behavior. This
deviation [rom random walk process is more prominent
for PSRI2 compared to PSRI1 where the particle loading
is higher. Tracking individual particle trajectories will
provide [urther details regarding the distributions and
development of anisotropy. IHowever, this would require
a larper ficld of view representative of mesoscale struc-
tures in the system. The streamers could be as long as
1m for the conditions reported in the current study [24]
which makes il challenging to track individual particles
having a mean diameter of 81 pm.

A detailed investigation of the VDF is required Lo ensure
accurale modeling of the energy cascade process which
influenees the macroscopic behavior of the system. Fur-
ther, the veloeity [uetuation statistics could provide in-
valuable benchmark data for the suceesslul development
of computational techniques ineluding diserete clement
modeling (DEM) and particle-in-cell methodologies.

1V. CONCLUSION

The large-scale CFDB  experiments using  Geldart
A (FCC calalyst) particles conlirm the existence of
non-cquilibrium  stationary VDFs in forced sysicms.
There is an evident anisotropic behavior in the presence
of a unidirectional driving mechanism. The transverse
VDF is symmetric, and the shape is determined by the
particle interactions. The over-population in the tails
have been conlirmed and a comparison is made with
the leading order term of Sonine expansion. The Levy
Might. of particles becomes signilicant with increasing
clustering [requency and wall proximity. The streamwise
VDF exhibits asymmetry, and its shape is largely de-
termined by interfacial drag and pravity. The skewness
in the VDF shills as we move [rom center Lo the wall,
where the mean particle velocity is less compared Lo
the bulk region. In contrast to the previous bench-seale
experiments and simulations, the resulits are obtained
for particle-laden flows having an unsicady mean com-
ponent. in a large-seale system. I is inleresting Lo note
the collapse of data given the complexity of the system
being analyzed. Qur work validales some ol the assump-
tions of the KTGF in the presence ol a carrier phasc.
Further, we highlight the need lor correction due to



FIG. 2: Deviation [rom Maxwellian distribution lor
PSRIIL at r = 07 (top), r = 27 (middle) and r = 47
(bottom). Symbols represent the deviation caleulated
using the experimental data, and the solid line
corresponds Lo the theoretical deviation [rom the
Maxwell-Boltzmann distribution.

the presence of non-isotropic loreing and wall boundaries.

This work was supported in part. by the Oak
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FIG. 3: Deviation from Maxwellian disiribution for
PSRIZ at r = 07 (top), r = 27 (middle) and r = 47
(bottom). Symbols represent the deviation caleulated
using the experimental data, and the solid line
corresponds Lo the theoretical deviation [rom the
Maxwell-Boltzmann distribution.
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FIG. 4: Fluctuating vertical VDF measured [rom the
experiments (symbols) at different radial locations [or
PSRIN (top) and PSRI2 (botiom). Solid line represents

- - - - ) 2z
the Gaussian distribution P(ey) ~ e ley
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