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ABSTRACT
Structures and stresses for the solid phase in a
idized bed are analyzed using results from hybrid

The hybrid method couples the discrete element method (DEM) n
for particle dynamics with the averaged two-fluid (TF) eqoias N
for the gas phase. The coupling between the two phases is mod-p

eled using an interphase momentum transfer term.
formation is characterized using force network size

which shows no large force network existing in the fluidized.b
The normal contact forces have an exponentially decayieg di
tribution. Solid phase continuum fields (local volume fiact
strain rate, stress tensor, and granular temperature) asene
puted using a coarse-graining process. The results show tha
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1 Interphase momentum transfer
gas-sohd flu & Stiffness coefficient of a particle
simutetio m Mass of a particle
Number density
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Pressure
Probability density function
Position vector
Gas stress tensor
Solid stress tensor
Fluidization velocity
Tangential displacement
Velocity for gas and solids
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the stress has difference in normal stress components. dihe ¢

lisional contribution is larger than the kinetic contribah and
spatially correlated to force networks. Stresses are alsm-c

puted using a kinetic theory stress model. Itis d
that the kinetic theory model predicts no differenc

stress components and larger normal stresses than those com

puted from the coarse-graining process.
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D Straiq rate tensor L 1s) Superscripts/Subscripts
e Coefficient of normal restitution ¢ Collisional contribution to stresses
f Scaled force magnitude (dyne) cell Computational cell
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% Moment of inert?a ofg article (g-cm?) g Gas phase
p & cm i Index of a particle
k Kinetic contribution to stresses
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Normal direction in the particle contact frame
t Tangential direction in the particle contact frame

mf  Minimum fluidization
max Maximum value

p Particle

S Solid

INTRODUCTION

Gas-solid fluidized beds are widely used in many industrial
applications, e.g., fluid catalytic cracking, due to its daon-
tacting between gas and solid phases, which prompts rapid he
and mass transfer and fast chemical reactions. Howevedythe
namics of gas-solid fluidized beds need to be better undetsto
in order to improve existing processes and scale up new pro-
cesses [1].

The dynamics of fluidized beds can be described at different
levels of details [2]. At the most detailed level (atomic coleT-
ular scale is not considered), the motion of the whole system
determined by the Newtonian equations of motion for thegran
lation and rotation of each particle, and the fluid Naviesk®&s
and continuity equations. The fluid motion and particle moti
are linked by the no-slip condition on each particle boupdat
the second level, the fluid velocity at each point is repldagd
its average. The Newtonian equations of motion are solved fo
each particle. The coupling force between fluid and padide
then related to the particle’s velocity relative to the aegd fluid
velocity, and to the local concentration of the particlecasisly.

At the third level, both the fluid velocity and the particldagty

are averaged to treat both gas and solid phases as intenqierget
continua. A description at this level is often referred tohaestwo
fluid model (TFM). The TFM is able to describe large systems
using much less computational resources than the methdus at
other two levels. However, constitutive models must be yost
lated to account for the detailed motions lost in averagifige
constitutive modeling for solid phase stress is one of thetmo
challenging tasks due to the complexity of granular flows [1]

Kinetic theory of granular flows (KTGF) has been success-
fully applied to the TFM for fluidization in the last decadq.[3
The KTGF provides solid stress constitutive models for dapi
granular flows of particles undergoing binary collision $4,
However, a direct comparison of the stresses predicted ByKT
models with those in fluidized beds is not available since it i
extremely difficult to experimentally measure the stresidia a
fluidized bed. It remains unknown how well a KTGF constitativ
model predicts the stress characteristics in fluidized beds

The multiphase flows that comprise fluidized beds are in-
trinsically unstable, and spatial structures such as elsisind
streamers of particles, and bubble-like voids are commohly
served [6]. It has been shown by our previous study [7] that
multiple particle contacts exist in region away from bulsbile

a fluidized bed. However, the structures were not quantified,
thus their effect on stresses and the implication to thettatige
modeling are not clear.

In this paper, a hybrid model at the second level will be em-
ployed to address these questions. The hybrid model couples
a TFM to solve fluid equations with a discrete element method
(DEM) to solve the particle motion equations. Therefore th
hybrid model can simulate a fluidized bed at particle scahes a
produce useful information to analyze the structures as agel
particle dynamics. From the particle information, solidhtio-
uum fields are then computed using a coarse-graining process
Solid stress characteristics can be analyzed and compétted w
KTGF stress constitutive model.

The hybrid method is presented in the next section along
with the method of computing solid continuum fields and the ki
netic theory stress constitutive model. The computatispat-
ifications for a fluidized bed are described in the followireg-s
tion. Analysis and discussion of the results are then ptegen
followed by the conclusions.

Simulation and analysis methods
Hybrid TF-DEM method

The hybrid method employs averaged equations for the gas
phase, which are derived from the TFM. The governing equa-
tions for gas phase continuity and momentum balance, respec
tively, are [8]

0
E(Egpg) + V- (egpgve) =0 1)

and

(eePgVe) TV - (gpgVeVy) = V- Sy +egpeg — Igs

5 - (2
Particle dynamics is described by the Newtonian equations

of motion. The discrete element method employs numerited in

gration of the motion equations to solve particle trajee®{9].

The translational and rotational motions of a particle fdtua

idized bed are governed by

dvp;
m; M foi + fopi +mug, (3)
dt
dwi
I; =T, 4
1 4)

wheref,; is the particle-particle contact forc&,,; is the fluid-
particle interaction forcem;g is the gravitational forceT; is
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the torque arising from the tangential components of theamin
force, and/;, vp;, w; are the moment of inertia, linear veloc-
ity and angular velocity, respectively. The net contactéof,;,
and torque’l’;, acting on each particle result from a vector sum-
mation of the force and torque at each particle-particldacn

A linear spring-dashpot model is employed for the contactdo
model due to its simplicity and reasonable accuracy [9].n\ar
and tangential forces acting on parti¢lare calculated from the
model as

(%)

Fnij = kngijnij — TnMMeff Vn, ;s

Ftij (6)

= _ktutw = Yt Meff Vi, ;s

wherek,  andy, . are the spring stiffness and viscoelastic con-
stants, respectively, andegq = m;m;/(m; + m;) is the effec-
tive mass of spheres with massesandm,;. The corresponding
contact force on particlgis simply given by Newton’s third law,
i.e.,F;; = —F;;. The total contact force and torque acting on
particle: are then given by

foi = Z(Fm’j +Fuij),

J

()

1
Ti = —5 ;rij X Fm‘j, (8)

wherer;; is the vector connecting center of partigleo the cen-
ter of particlei.

The coupling term between the equations for gas and particle

motion is the gas-particle interactidgs in the gas momentum
equation andy; in the particle equation of motion. The fluid-
particle interaction force per unit volume of bdg,, in the gas
momentum equation is the sum of the gas fordgsg, over all
the particles in a fluid cell and dividing by the volume of thedl
cell, Voan. Thus

Zz_vcell fgpi
I, —2i__evi 9
& Veen ®)

N
=—&Vps +eV Ty + ngfdi/Vcen,

where N is the number of particles in a fluid cell [10]. The
last term in Eq. (9) is calculated approximately using lonabln

gas and particle velocities

N
Z gfai/Veen = B(vg — vs), (10)

where 3 is calculated using the correlations developed by Er-
gun [11], and Wen and Yu [12],

(11)

{1505‘%Mg + 1755 L vy — v fore, <0.8

3 €g€s —2.7
10D == Pg| Ve — Vsleg fore, > 0.8.

This mean drag force is then assigned back to each partitte in
cell to obtainf,,,; according to the particle volume.

A Fortran code, Multiphase Flow with Interphase eX-
changes (MFIX), is used for all simulations in this work. MFI
uses a finite volume approach with a staggered grid for the dis
cretization of the TFM governing equations to reduce nucagri
instabilities [13]. Scalars such as pressure and volunaidrma
are stored at the cell centers and the velocity componeats ar
stored at cell surfaces. A second-order discretizationsedu
for spatial derivatives and first-order discretization fempo-
ral derivatives. A modified SIMPLE algorithm is employed to
solve the discretized equations [13]. The explicit timegra-
tion method is used to solve the translational and rotatioma
tion equations used in the DEM [9, 14]. The readers are rederr
to reference [7] for a more detailed account of the hybridhoet

Computation of solid continuum fields
The solid continuum fields are computed using a coarse-
graining process. The coarse-graining operator is defised a

N
<p>ca(r)= Z G(r —1r;)pi, (12)

wherei is the index of a particle)V is the number of particles
in the systemy is a property of particlé, r is the position of
the continuum field, and; is the center of mass of particie
The coarse-graining functioid;(R), is a positive semi-definite
normalized function [15]. The coarse-graining functioedisn
this paper is

1
—H(W —R),

w

G(R) = (13)

where W is the width vector of the coarse-graining function,
H(W-R)=H(W, —-R,)HW, — R,)H(W, — R.) with H
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being the Heaviside function, and, = W,W,W., in a three-
dimensional Cartesian system.

To improve statistical accuracy, an ensemble of indepeinden
samples is required in the spirit of ensemble averaging.efhe
semble averaging can be approximately achieved by timagver
ing as described in [16], which is used in this paper. The $asnp
are just the particle configurations at independent timgntes.
The time interval should be large enough to avoid the cdiogla
between the samples. Definidd to be the number of samples,
then the coarse-graining operation shown in Eq. 12 is rexeeéfi
as

M
J

N
< >ca (r) = % Z (Z G(r — ri)goi> N ()

J

The number density (solid volume fractiore, = n%df;) is
computed using = 1in Eq. 14 as

n(r) =<1 >cgq (r). (15)
The averaging operator is defined as
<go>(r)=w < ¢ >cq (r). (16)
The hydrodynamic velocity(r) is then defined as
vs(r) =< vp >, (17)

wherev,, is the particle velocity. The solid strain rate tensor is
defined as

[Vvs + (Vvg) '], (18)

where (Vvg)T is the transpose of the velocity gradient. The
translational granular temperature is defined as

9:i<C-C>

D (19)

1
zﬁtr(< VpVp > — < v >< v >,

whereC = v, — v is the particle fluctuation velocityr() is the
trace of a tensor, arf! is the dimensionality of the system. (The
word “translational” is omitted hereafter since only triational
granular temperature is used in this paper.)

The stress have two contributions. The first is the kinetic (o
dynamic) stress due to momentum flux transported by particle
fluctuations. The second is the collisional (or viral) strdge to
particle contacts. The stress tensor is defined as

T=T +T. (20)
The kinetic contribution is
T =<mCC >cq , (21)
and the collisional contribution is
N
T =< > %rijFij >ca (22)
g

wherd;; is the contact force acting on particley particle;.

Kinetic theory constitutive model
A solid stress constitutive model is given by kinetic theory
(KT) for granular flows for smooth, slightly inelastic patgs [5]

(23)

=KTk . . . . .
whereT’ is the kinetic contribution

=KTk 2#

n(2 —n)go
8 = 1 =
1+ 577(377 —2)esgo| (D — gtr(D)I),

:psese? - (24)

—KTc L . .
andT is the collision contribution

—KTc 16pes

5(2-mn)
[1 + Sntsn - 2>ssgo] (D~ su(D)T)
256 {3

— onuelgo [=(2D + tr(D)T)| .
51 5

=dp.e2ngot — (25)

InEgs. 24 and 257 = (1 +¢), p = 5m(0/7)'/?/16d2, tr(D)
is the trace of the strain rate tengoandg, is the radial distribu-

tion function for particles. The Carnahan-Starling foren{d7]
go = (2 —&5)/2(1 — &5)? is used in this paper.
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Pressure outlet Table 1. COMPUTATIONAL PARAMETERS AND GENERAL INITIAL

T T T T AND BOUNDARY CONDITIONS
Geometry
Width of domainx 15 em
Height of domainy 45 cm
Freeboard . L
Horizontal grid sizeAx 1cm
c vertical grid size Ay 1cm
15cm § Particle properties
Particle diameter 0.25 cm
Particle density 2.526 g/cm?
e Particle stiffness coefficient 8 x 10° dyne/cm
Bed S Particle damping coefficient 1.77 dyne - s/cm
- Particle normal restitution coefficient  0.97
Particle friction coefficient 0.1
T T T T uniform gas inflov Initial conditions
Figure 1. SCHEMATIC SHOWING COMPUTATIONAL DOMAIN FOR e L0
THE GOLDSCHMIDT ET AL. [18] EXPERIMENT. Vg (= Unf) 128 cm/s
Initial bed height 15 em
COMPUTATIONAL CASE Particle number 4000

A gas-solid fluidized bed is simulated using the hybrid TF-
DEM model presented in the methodology subsection. The sim-
ulation for a bubbling fluidized bed with a uniform air inflow i Air inlet velocity 1.5Us cm/s
performed. The simulation is based on the experiment ofube b
bling fluidized bed by Goldschmidt et al. [18]. The fluidizestis
simulated have very small depths compared to the other two di  Wall boundary for gas phase No slip
mensions. Therefore, simulations are performed using ayex |
of spherical particles in the third dimension. The simualatis
designed to mimic the same experiment conditions. The cempu  Wall stiffness coefficient 1.2 x 10° dyne/cm
tational domain is shown in Fig. 1 and the computationalpara

Boundary conditions

Specified pressure at outlet 101325 Pa

Particle wall interaction

eters are shown in table 1. Wall damping coefficient 3.93 dyne - s/cm
The case is computed for 20 seconds of simulation time. Par-
ticle configuration samples are taken after 5 seconds tomeRi
the start-up effect on the finite sampling time period sirtee t
system reaches a dynamically quasi-steady state [19]tdirtiea ing the particle information provided by the hybrid simidais.
The time interval for sampling i8.1 second. Particles form a force network by interacting with their

neighbors via contact forces. Force networks are the sirest

of interest in this paper. Force networks have a very promtine
RESULTS AND DISCUSSION effect on how momentum is transfered in granular media [P0, 2

The hybrid simulation of fluidized bed dynamics for the case If a large force network spanning the whole granular media ex

has been validated in a previous study [7]. The study shohatdt ists, the momentum is mainly transferred by the enduring con
the hybrid method predicts the bed dynamics with reasonable tacts between particles. If binary contacts or single plagi
agreementwith experimental and TFM results. The currenlyst dominate instead of a large force network, the momentum is
focuses on the analysis of solid phase structures andes$rass transferred mainly by particle fluctuations and collisiornkhe
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Figure 2. FORCE NETWORK SIZE DISTRIBUTION AT TIME OF 5 S. Figure 3. PROBABILITY DENSITY FUNCTION OF NORMAL CON-
THE SIZE IS QUANTIFIED BY THE NUMBER OF PARTICLES IN A TACT FORCES. THE SOLID LINE INDICATES THE EXPONENTIAL FIT,
FORCE NETWORK. THE INSET SHOWS THE CLOSE-UP VIEW OF P(f) = exp(f). THE DASH-DOT LINE INDICATES THE FIT FOR
THE SIZE DISTRIBUTION OF FORCE NETWORKS WITH 1-10 PAR- DENSE GRANULAR MEDIA, P(f) = a(l — be*fz)e*ﬁf WITH
TICLES. a=3.0,b=0.75,AND 3 = 1.5.

P(f) = a(1—be=*)e=AF with @ = 3.0, b = 0.75, andB = 1.5.
The well-spread distribution indicates the contact foricethe
fluidized bed are heterogeneous, i.e., some particle exqpegi
small forces while others experience much larger forcese Th
exponential decay implies a higher probability of findinggka
compared to a Gaussian distribution, which is provedto lwe ar
bust feature of granular media [24]. Lack of the plateaudatéis
that small forces are less populated than those in dense&-gran
lar media, which distinguishes the contact force distidwuin
fluidized beds.

To manifest the spatial correlation between force networks
and solid stresses, an instantaneous particle configoratia
time of 5 seconds is studied. The particle positions are shxyw
dots in Fig. 4(a) and the number of contacting neighbdis )
to a particle are denoted by contour levels in the figure. Thke m
tiple contacts V. > 1) show the locations of force networks (in-
cluding binary collisions). The solid phase continuum fedde
obtained using the coarse-graining process of Eq. 14. Tthwi

] h hadh i of the coarse-graining function is setlig, = 1 cm, W, = 1cm
which the probability density is plotted as a function of mag- andW. = d, = 0.25cm. The number of samples is one in this

nitudes of normal contact forceg, scaled by the average force. a6 je M = 1. The collisional stress component, , T

The normal contact force distribution follows an exponaide- andT¢ , are shown in Figs. 4(b), 4(c) and 4(d), respectively. The
. - . Ty’ 1 Ll
cay, comparable to an exponential fit Bf f) = exp(f) as in-

c 2 all EAPUT oL ) = B solid volume fractions are shown in Fig. 4(e). The high votum
dicated by the solid line in Fig. 3. This distribution shates fractions correspond to the high. region. The kinetic stress
exponential decay feature present in granular packing22p, componentsT*., T andT*,, are shown in Figs. 4(f), 4(g) and

. rxxr! Tyy xy? ’
and dense granular flows [21], where large force networkst exi
but differs in that the plateau for small forces is lacking.fitA
function for force distributions in dense granular medialiso _ o _ _ _ ,
pIotted for comparison purposes The fit function is of tharfo LN, varies between 0 and 6 in this case since 6 is the maximumkbpessi
’ number of contacting neighbors in a two-dimensional coméition of identical

spheres. .
Copyright © 2007 by ASME

size of force network is simply quantified by the number of par
ticles IV, in a force network in this paper. A single particle is
deemed as a limiting case of a force network. The force nétwor
size distribution (FNSD) is characterized by the ratio @ lum-
ber of the force networks witlV,, particles to the total number of
force networks. The instantaneous FNSD at 5 seconds is shown
in Fig. 2. It can be seen that 90% of the force networks only con
sist of a single particle, i.ely, = 1 (refer to the inset in Fig. 2).
The second probable force networks are formed by binarypart
cle collisions. The largest force network has about 250¢ast
with a very low ratio. The distributions at other time instes
have very similar trends and are not shown here. The distribu
tion shown in Fig. 2 is direct proof that there is no large &rc
network spanning the whole fluidized bed with the fluidizatio
velocity of 1.5U,,,¢. The constitutive behavior is then expected
to be dominated by particle free-flight motions and collisidn-
stead of multiple contacts.

The normal contact force distribution is shown in Fig. 3, in

Downloaded From: https://proceedings.asmedigitalcollection.asme.org on 07/02/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



- B 3500 B 1350
5 3000 964
4 2500 579
3 2000 193
2 ] 1500 -193
1 1000 579
. 0 - 500 -964
1 0 -1350
1 d
&
] ) ‘
(@ (b) T, (0) Ty, (d) Tg,

B 065 B 350
300
250
200
150

100

NN SNENENENEN SENETE S

(€) es O TF, © T, (h) %,

Figure 4. INSTANTANEOUS PARTICLE CONFIGURATION, SOLID VOLUME FRACTIONS AND STRESS COMPONENTS AT 5 SECOND. PARTICLE
POSITIONS ARE SHOWN AS POINTS AND THE N, NUMBERS ARE SHOWN BY CONTOUR LEVELS IN (a). THE COLLISIONAL STRESS COMPO-
NENTS ARE SHOWN IN (b) 7’5, (¢) T, AND (d) T’5,. SOLID VOLUME FRACTIONS ARE SHOWN IN (e). THE KINETIC STRESS COMPONENTS

ARE SHOWN IN () T%,, (g) T}, AND (h) T'¥,,. THE UNIT OF STRESSES IS dyne/cm?.

4(h), respectively. The collisional stresses are the dantioon- The locations of kinetic stresses, however, are not directfre-
tributions to the total stresses; about ten (10) times lattyzn lated to the force networks, but to the high velocity regi@an
the kinetic stresses. The locations of large collisionalsstes are the free surface. Thus, force networks locations provitteima-
positively correlated to the locations of force networksr Ex- tion as to location of the collisional stresses. This cordithat

ample, comparing Figs. 4(a)—4(d), both large collisioh@sses the findings of force networks (multiple contacts) [7] arefus
and force networks occur in the upper region above the bubble for investigating fluidized bed constitutive behaviors.
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Figure 5. SOLID VOLUME FRACTIONS AND GRANULAR TEMPERA-
TURES AS FUNCTIONS OF BED HEIGHTS. RESULTS FROM M =
30, M = 100 AND M = 150 ARE COMPARED.

The detailed characteristics of stresses at a quasi-sttagy
are investigated using results obtained from multiple dasp
i.e., M > 1. The width of the coarse-graining function is set
toW, = 15cm, Wy = 3cmandW, = d, = 0.25cm. In
this way, the field variables are obtained as univariatetfans
of the bed height. The statistical effect of number of sasple
M, on the continuum fields obtained by the coarse-graining pro
cess is investigated. The solid volume fractighand granu-
lar temperatur@ obtained from coarse-graining processes with
M = 30, M = 100 and M = 150 are plotted in Fig. 5 as
functions of bed heights. It can be seen that the volumeifract
has little variation with respect to sampling, as shown \tlith
three cases. The granular temperature has noticeablecdifies
for sampling withM = 30 and the other two sampling cases
in the dilute bed region, where volume fraction is less than

40F - ____ 30 samples
_________ 100 samples
i 150 samples
€30t
St
=
=
[}
<
he]
o5}
m
Oi‘ TR 1 T L

0 200
Solid stress T, (dyne/cm®)

400 600 800

Figure 6. SOLID STRESS COMPONENT 7}, AS A FUNCTION OF
BED HEIGHTS. RESULTS FROM M = 30, M = 100AND M = 150
ARE COMPARED.

c) contributions. Note that the shear stré$s is similar o7,

and is not shown. The kinetic contributions of the normastes

Tk and T;y demonstrate that these stresses increase with in-
creasing bed height, reaching a maximum at 16 cm, which is the
height of the bed expansion (i.e., the interface betweedé¢hse

and dilute flow regimes), and then rapidly decrease in dileite
gion. The shear stress kinetic contributiﬁfb exhibits positive
stresses in the dense bed and negative stresses in thaeljice
(greater than 16 cm). Another observation is that the kinedir-

mal stresg“jy in the streamwise directiog{direction) is greater
thanT*, because the particles fluctuate more vigorously in the
streamwise direction. The collisional contributions af trormal

and shear stresses, however, peak at a bed height of 10 cne, whe
the collisions are most prevalent. The collisional conititn

T, is also greater thaii”, in the streamwise direction affected

and bed height is higher than 16 cm. The difference is caused by the same fluctuation difference in different directiof$is

by the greater velocity fluctuations due to less particlethan
dilute region. However, the granular temperature caledlats-
ing M = 100 and M = 150 are reasonably close. Thus, the
continuum fields are statistically converging with regasdhe

observation is consistent to the normal stress differebserved
in simple shear flows of granular materials [25, 26]. Ovethk
collisional contributions are greater than the kinetictcbntions
for both the normal and shear stresses, demonstratingdhiat p

sample sizes. The same convergence is observed for the solidcle collisions dominate the stress behavior.

stress componefit,,. shown in Fig. 6 (the other components of

The kinetic theory constitutive stress model presented in

the stress tensor have the same behavior and are not plotted t Egs. 24 and 25 is tested by substituting for the solid volume

avoid cluttering the figure). The continuum fields obtainemxhf

fractions, granular temperatures and strain rates cordgtden

M = 150 using coarse-graining process are presented in the fol- the coarse-graining process. The strain rates are cadcules-

lowing discussion for the small statistical error in thisea
The normal stresse$;,,, andT,,, and the shear stregs,,,
are computed across the bed widiv,( = 15cm) and shown
in relation to the bed height in Figs. 7(a), 7(b) and 7(c)pees
tively, for their kinetic (superscript k) and collisionaluperscript

ing a central-difference numerical scheme. The normatsé®
TET and K", and the shear stres8;” are also shown in
Figs. 7(a)-7(c), respectively. The kinetic theory mode&ldicts

almost the same normal stresses, i.e., for the kinetic ibontr

tions, 5% ~ TX™* and for the collisional contributions,

Copyright © 2007 by ASME
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TR ~ T Thus, the kinetic theory models presented in
Egs. 24 and 25 is not capable of capturing the normal stress
difference present in the fluidized bed. A kinetic theory rlod
using the Burnett correction [27] may be necessary to ctiyrec
capture this feature of the stresses in the fluidized bedsceSi
the kinetic theory stresses are calculated using the santie pa
cle velocity fluctuations as the coarse-graining proceéssri be
shown thatl ;"% = TN % = (T, + T}, + T%,)/D, which can

be verified by comparing Eq. 21 with Eq. 24. Compared to the
stresses obtained directly using coarse-graining, thiesicolal
normal stresses predicted by kinetic theory model agrekawel
the dense region (bed height is lower than 6 cm), but are over-
predicted at the dilute region. This over-prediction istiadly

due to the higher granular temperature at the dilute regiea ( L L
Fig. 5). The shear stresses predicted by the kinetic theodein 500 1000 1500
do not agree well with the coarse-grained stresses. The over Solid stress (dyne/cm?)
prediction of normal stresses and disagreements of streaset ) (a)

indicate more investigations on the constitutive modelasas-
sary.

Bed height (cm)

for

40

o
AOA OO

CONCLUSIONS

A gas-solid fluidized bed has been simulated using a hybrid
TF-DEM method. Detailed analyses of the solid phase strastu
and stresses have been performed. The force network stre dis
bution shows that a large force network does not exist under a
fluidization velocity of1.5U,,,¢. Particle normal contact forces
have an exponentially decaying distribution , which intésahe s P
heterogeneity of the contact forces. Lack of a plateau fallsm [y '
forces is a distinct feature of the distribution comparedhiat o =55 — 5 T500
for dense granular media. The solid stresses have diffesdanc Solid stress (dyne/cm?)
the normal stress components. The collisional contrilouttiche ®)
solid stress is found to be larger than the kinetic contrdruand '
spatially correlated to force networks. The kinetic thestngss
model predicted no difference in normal stress componerds a
over-predicted the collision contributions to the normtedsses.
The analyses have demonstrated the characteristics ofigtes
and stresses in a typical fluidized bed at a well-fluidizetesta
The comparisons to the kinetic theory constitutive modebpr
the inability of the model and point out the potential needdo
Burnett order constitutive model for fluidized bed modeling

The analysis methods demonstrated in this paper can be ap- 10k
plied to a large range of fluidization states. The result$ neH i
veal the constitutive behavior of fluidized beds under o
fluidization conditions and may also provide directionsdon- ol S T

stitutive modeling. Solid stress (dyne/cm?)
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