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ABSTRACT
Structures and stresses for the solid phase in a gas-solid fl-

idized bed are analyzed using results from hybrid simulations.
The hybrid method couples the discrete element method (DE
for particle dynamics with the averaged two-fluid (TF) equations
for the gas phase. The coupling between the two phases is m
eled using an interphase momentum transfer term. Structurein-
formation is characterized using force network size distribution,
which shows no large force network existing in the fluidized bed.
The normal contact forces have an exponentially decaying ds-
tribution. Solid phase continuum fields (local volume fraction,
strain rate, stress tensor, and granular temperature) are com-
puted using a coarse-graining process. The results show tht
the stress has difference in normal stress components. Theol-
lisional contribution is larger than the kinetic contribution and
spatially correlated to force networks. Stresses are also com-
puted using a kinetic theory stress model. It is demonstratd
that the kinetic theory model predicts no difference in normal
stress components and larger normal stresses than those c-
puted from the coarse-graining process.

NOMENCLATURE
d Particle diameter (cm)

D Strain rate tensor (1/s)
e Coefficient of normal restitution
f Scaled force magnitude (dyne)
F Forces (dyne)
g Acceleration of gravity (cm/s2)
I Moment of inertia of a particle (g · cm2)
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I Interphase momentum transfer (dyne/cm3)
k Stiffness coefficient of a particle (dyne/cm)
m Mass of a particle (g)
n Number density
N Particle number
p Pressure (dyne/cm2)
P Probability density function
r Position vector (cm)

S Gas stress tensor (dyne/cm2)

T Solid stress tensor (dyne/cm2)
U Fluidization velocity (cm/s)
u Tangential displacement (cm)
v Velocity for gas and solids (cm/s)

Greek letters
β Coefficient for drag forces (g/cm3 · s)
δ Normal compression in particle collision (cm)
ε Volume fraction
µg Gas shear viscosity (dyne · s/cm2)
λg Gas dilation viscosity (dyne · s/cm2)
ω Angular velocity (rad/s)
ρ Density (g/cm3)
θ Translational granular temperature (cm2/s2)

Superscripts/Subscripts
c Collisional contribution to stresses
cell Computational cell
coll Collision
g Gas phase
i Index of a particle
k Kinetic contribution to stresses
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Down
n 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 good con-
tacting between gas and solid phases, which prompts rapid heat
and mass transfer and fast chemical reactions. However, thedy-
namics of gas-solid fluidized beds need to be better understood
in order to improve existing processes and scale up new pro
cesses [1].

The dynamics of fluidized beds can be described at differen
levels of details [2]. At the most detailed level (atomic or molec-
ular scale is not considered), the motion of the whole systemis
determined by the Newtonian equations of motion for the trans-
lation and rotation of each particle, and the fluid Navier-Stokes
and continuity equations. The fluid motion and particle motion
are linked by the no-slip condition on each particle boundary. At
the second level, the fluid velocity at each point is replacedby
its average. The Newtonian equations of motion are solved for
each particle. The coupling force between fluid and particles is
then related to the particle’s velocity relative to the averaged fluid
velocity, and to the local concentration of the particle assembly.
At the third level, both the fluid velocity and the particle velocity
are averaged to treat both gas and solid phases as interpenetrating
continua. A description at this level is often referred to asthe two
fluid model (TFM). The TFM is able to describe large systems
using much less computational resources than the methods atthe
other two levels. However, constitutive models must be postu-
lated to account for the detailed motions lost in averaging.The
constitutive modeling for solid phase stress is one of the most
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 decade [3].
The KTGF provides solid stress constitutive models for rapid
granular flows of particles undergoing binary collision [4,5].
However, a direct comparison of the stresses predicted by KTGF
models with those in fluidized beds is not available since it is
extremely difficult to experimentally measure the stress inside a
fluidized bed. It remains unknown how well a KTGF constitutive
model predicts the stress characteristics in fluidized beds.

The multiphase flows that comprise fluidized beds are in-
trinsically unstable, and spatial structures such as clusters and
streamers of particles, and bubble-like voids are commonlyob-
served [6]. It has been shown by our previous study [7] tha
multiple particle contacts exist in region away from bubbles in
2
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a fluidized bed. However, the structures were not quantified,
thus their effect on stresses and the implication to the constitutive
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, the
hybrid model can simulate a fluidized bed at particle scales and
produce useful information to analyze the structures as well as
particle dynamics. From the particle information, solid contin-
uum fields are then computed using a coarse-graining process.
Solid stress characteristics can be analyzed and compared with a
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 computationalspec-
ifications for a fluidized bed are described in the following sec-
tion. Analysis and discussion of the results are then presented
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]

∂

∂t
(εgρg) + ∇ · (εgρgvg) = 0 , (1)

and

∂

∂t
(εgρgvg)+∇ · (εgρgvgvg) = ∇ ·Sg + εgρgg− Igs . (2)

Particle dynamics is described by the Newtonian equations
of motion. The discrete element method employs numerical inte-
gration of the motion equations to solve particle trajectories [9].
The translational and rotational motions of a particle for aflu-
idized bed are governed by

mi
dvpi

dt
= fci + fgpi + mig, (3)

Ii
dωi

dt
= Ti, (4)

wherefci is the particle-particle contact force,fgpi is the fluid-
particle interaction force,mig is the gravitational force,Ti is
Copyright c© 2007 by ASME
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the torque arising from the tangential components of the contact
force, andIi, vpi, ωi are the moment of inertia, linear veloc-
ity and angular velocity, respectively. The net contact force,fci,
and torque,Ti, acting on each particle result from a vector sum
mation of the force and torque at each particle-particle contact.
A linear spring-dashpot model is employed for the contact force
model due to its simplicity and reasonable accuracy [9]. Normal
and tangential forces acting on particlei are calculated from the
model as

Fnij
= knδijnij − γnmeffvnij

, (5)

Ftij
= −ktutij

− γtmeffvtij
, (6)

wherekn,t andγn,t are the spring stiffness and viscoelastic con
stants, respectively, andmeff = mimj/(mi + mj) is the effec-
tive mass of spheres with massesmi andmj . The corresponding
contact force on particlej is simply given by Newton’s third law,
i.e., Fji = −Fij . The total contact force and torque acting on
particlei are then given by

fci =
∑

j

(Fnij + Ftij), (7)

Ti = −
1

2

∑

j

rij × Ftij , (8)

whererij is the vector connecting center of particlej to the cen-
ter of particlei.

The coupling term between the equations for gas and parti
motion is the gas-particle interactionIgs in the gas momentum
equation andfgpi in the particle equation of motion. The fluid-
particle interaction force per unit volume of bed,Igs, in the gas
momentum equation is the sum of the gas forces,fgpi, over all
the particles in a fluid cell and dividing by the volume of the fluid
cell, Vcell. Thus

Igs =

∑Ncell

i fgpi

Vcell

(9)

= − εs∇pg + εs∇ · τg +

N
∑

i

εgfdi/Vcell,

whereNcell is the number of particles in a fluid cell [10]. The
last term in Eq. (9) is calculated approximately using localmean
3
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gas and particle velocities

N
∑

i

εgfdi/Vcell = β(vg − vs), (10)

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

β =

{

150
ε2
s

εgd2
p
µg + 1.75εs

ρg

dp
|vg − vs| for εg ≤ 0.8

3
4
CD

εgεs

dp
ρg|vg − vs|ε

−2.7
g for εg > 0.8.

(11)

This mean drag force is then assigned back to each particle inthe
cell to obtainfgpi according to the particle volume.

A Fortran code, Multiphase Flow with Interphase eX-
changes (MFIX), is used for all simulations in this work. MFIX
uses a finite volume approach with a staggered grid for the dis-
cretization of the TFM governing equations to reduce numerical
instabilities [13]. Scalars such as pressure and volume fraction
are stored at the cell centers and the velocity components are
stored at cell surfaces. A second-order discretization is used
for spatial derivatives and first-order discretization fortempo-
ral derivatives. A modified SIMPLE algorithm is employed to
solve the discretized equations [13]. The explicit time integra-
tion method is used to solve the translational and rotational mo-
tion equations used in the DEM [9,14]. The readers are referred
to reference [7] for a more detailed account of the hybrid method.

Computation of solid continuum fields
The solid continuum fields are computed using a coarse-

graining process. The coarse-graining operator is defined as

< ϕ >CG (r) =

N
∑

i

G(r − ri)ϕi, (12)

wherei is the index of a particle,N is the number of particles
in the system,ϕ is a property of particlei, r is the position of
the continuum field, andri is the center of mass of particlei.
The coarse-graining function,G(R), is a positive semi-definite
normalized function [15]. The coarse-graining function used in
this paper is

G(R) =
1

Vw

H(W − R), (13)

whereW is the width vector of the coarse-graining function,
H(W−R) = H(Wx −Rx)H(Wy −Ry)H(Wz −Rz) with H
Copyright c© 2007 by ASME
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Do
being the Heaviside function, andVw = WxWyWz , in a three-
dimensional Cartesian system.

To improve statistical accuracy, an ensemble of independt
samples is required in the spirit of ensemble averaging. Theen-
semble averaging can be approximately achieved by time averag-
ing as described in [16], which is used in this paper. The samples
are just the particle configurations at independent time instances.
The time interval should be large enough to avoid the correlation
between the samples. DefiningM to be the number of samples
then the coarse-graining operation shown in Eq. 12 is re-defined
as

< ϕ >CG (r) =
1

M

M
∑

j

(

N
∑

i

G(r − ri)ϕi

)

j

. (14)

The number densityn (solid volume fractionεs = nπ
6
d3
p) is

computed usingϕ = 1 in Eq. 14 as

n(r) =< 1 >CG (r). (15)

The averaging operator is defined as

< ϕ > (r) =
1

n(r)
< ϕ >CG (r). (16)

The hydrodynamic velocityvs(r) is then defined as

vs(r) =< vp > , (17)

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

D =
1

2

[

∇vs + (∇vs)
T
]

, (18)

where(∇vs)
T is the transpose of the velocity gradient. Th

translational granular temperature is defined as

θ =
1

D
< C ·C > (19)

=
1

D
tr(< vpvp > − < vp >< vp >),

whereC = vp−vs is the particle fluctuation velocity,tr() is the
trace of a tensor, andD is the dimensionality of the system. (The
word “translational” is omitted hereafter since only translational
granular temperature is used in this paper.)
4
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The stress have two contributions. The first is the kinetic (or
dynamic) stress due to momentum flux transported by particle
fluctuations. The second is the collisional (or viral) stress due to
particle contacts. The stress tensor is defined as

T = T
k

+ T
c
. (20)

The kinetic contribution is

T
k

=< mCC >CG , (21)

and the collisional contribution is

T
c

=<
N
∑

j,j 6=i

1

2
rijFij >CG , (22)

whereFij is the contact force acting on particlei by particlej.

Kinetic theory constitutive model
A solid stress constitutive model is given by kinetic theory

(KT) for granular flows for smooth, slightly inelastic particles [5]

T
KT

= T
KTk

+ T
KTc

, (23)

whereT
KTk

is the kinetic contribution

T
KTk

=ρsεsθI −
2µ

η(2 − η)g0

(24)
[

1 +
8

5
η(3η − 2)εsg0

]

(D −
1

3
tr(D)I),

andT
KTc

is the collision contribution

T
KTc

=4ρsε
2
sηg0θI −

16µεs

5(2 − η)
(25)

[

1 +
8

5
η(3η − 2)εsg0

]

(D −
1

3
tr(D)I)

−
256

5π
ηµε2

sg0

[

3

5
(2D + tr(D)I)

]

.

In Eqs. 24 and 25,η = 1
2
(1 + e), µ = 5m(θ/π)1/2/16d2

p, tr(D)

is the trace of the strain rate tensorD andg0 is the radial distribu-
tion function for particles. The Carnahan-Starling formula [17]
g0 = (2 − εs)/2(1 − εs)

3 is used in this paper.
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Figure 1. SCHEMATIC SHOWING COMPUTATIONAL DOMAIN FOR

THE GOLDSCHMIDT ET AL. [18] EXPERIMENT.

COMPUTATIONAL CASE
A gas-solid fluidized bed is simulated using the hybrid TF

DEM model presented in the methodology subsection. The si
ulation for a bubbling fluidized bed with a uniform air inflow is
performed. The simulation is based on the experiment of the bub-
bling fluidized bed by Goldschmidt et al. [18]. The fluidized beds
simulated have very small depths compared to the other two-
mensions. Therefore, simulations are performed using one layer
of spherical particles in the third dimension. The simulation is
designed to mimic the same experiment conditions. The com-
tational domain is shown in Fig. 1 and the computational param-
eters are shown in table 1.

The case is computed for 20 seconds of simulation time. P
ticle configuration samples are taken after 5 seconds to minimize
the start-up effect on the finite sampling time period since the
system reaches a dynamically quasi-steady state [19] at that time.
The time interval for sampling is0.1 second.

RESULTS AND DISCUSSION
The hybrid simulation of fluidized bed dynamics for the cas

has been validated in a previous study [7]. The study showed that
the hybrid method predicts the bed dynamics with reasona
agreement with experimental and TFM results. The current study
focuses on the analysis of solid phase structures and stresses us-
5
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Table 1. COMPUTATIONAL PARAMETERS AND GENERAL INITIAL

AND BOUNDARY CONDITIONS

Geometry:

Width of domain,x 15 cm

Height of domain,y 45 cm

Horizontal grid size,∆x 1 cm

vertical grid size,∆y 1 cm

Particle properties:

Particle diameter 0.25 cm

Particle density 2.526 g/cm3

Particle stiffness coefficient 8 × 105 dyne/cm

Particle damping coefficient 1.77 dyne · s/cm

Particle normal restitution coefficient 0.97

Particle friction coefficient 0.1

Initial conditions:

εg 1.0

vg(= Umf) 128 cm/s

Initial bed height 15 cm

Particle number 4000

Boundary conditions:

Air inlet velocity 1.5Umf cm/s

Specified pressure at outlet 101325 Pa

Wall boundary for gas phase No slip

Particle wall interaction:

Wall stiffness coefficient 1.2 × 106 dyne/cm

Wall damping coefficient 3.93 dyne · s/cm

ing the particle information provided by the hybrid simulations.

Particles form a force network by interacting with their
neighbors via contact forces. Force networks are the structures
of interest in this paper. Force networks have a very prominent
effect on how momentum is transfered in granular media [20,21].
If a large force network spanning the whole granular media ex-
ists, the momentum is mainly transferred by the enduring con-
tacts between particles. If binary contacts or single particles
dominate instead of a large force network, the momentum is
transferred mainly by particle fluctuations and collisions. The
Copyright c© 2007 by ASME
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1Nc varies between 0 and 6 in this case since 6 is the maximum possible
number of contacting neighbors in a two-dimensional configuration of identical
spheres.
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Figure 2. FORCE NETWORK SIZE DISTRIBUTION AT TIME OF 5 S.

THE SIZE IS QUANTIFIED BY THE NUMBER OF PARTICLES IN A

FORCE NETWORK. THE INSET SHOWS THE CLOSE-UP VIEW OF

THE SIZE DISTRIBUTION OF FORCE NETWORKS WITH 1-10 PAR-

TICLES.

size of force network is simply quantified by the number of pa-
ticles Np in a force network in this paper. A single particle i
deemed as a limiting case of a force network. The force netwk
size distribution (FNSD) is characterized by the ratio of the num-
ber of the force networks withNp particles to the total number of
force networks. The instantaneous FNSD at 5 seconds is sh
in Fig. 2. It can be seen that 90% of the force networks only co-
sist of a single particle, i.e.,Np = 1 (refer to the inset in Fig. 2).
The second probable force networks are formed by binary pai-
cle collisions. The largest force network has about 250 particles
with a very low ratio. The distributions at other time instances
have very similar trends and are not shown here. The distri-
tion shown in Fig. 2 is direct proof that there is no large fore
network spanning the whole fluidized bed with the fluidization
velocity of 1.5Umf . The constitutive behavior is then expecte
to be dominated by particle free-flight motions and collisions in-
stead of multiple contacts.

The normal contact force distribution is shown in Fig. 3,
which the probability densityP is plotted as a function of mag-
nitudes of normal contact forces,f , scaled by the average force
The normal contact force distribution follows an exponential de-
cay, comparable to an exponential fit ofP (f) = exp(f) as in-
dicated by the solid line in Fig. 3. This distribution sharesthe
exponential decay feature present in granular packing [22,23]
and dense granular flows [21], where large force networks exst,
but differs in that the plateau for small forces is lacking. Afit
function for force distributions in dense granular media isalso
plotted for comparison purposes. The fit function is of the form
6
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Figure 3. PROBABILITY DENSITY FUNCTION OF NORMAL CON-

TACT FORCES. THE SOLID LINE INDICATES THE EXPONENTIAL FIT,

P (f) = exp(f). THE DASH-DOT LINE INDICATES THE FIT FOR

DENSE GRANULAR MEDIA, P (f) = a(1 − be−f2

)e−βf WITH

a = 3.0, b = 0.75, AND β = 1.5.

P (f) = a(1−be−f2

)e−βf with a = 3.0, b = 0.75, andβ = 1.5.
The well-spread distribution indicates the contact forcesin the
fluidized bed are heterogeneous, i.e., some particle experience
small forces while others experience much larger forces. The
exponential decay implies a higher probability of finding large
compared to a Gaussian distribution, which is proved to be a ro-
bust feature of granular media [24]. Lack of the plateau indicates
that small forces are less populated than those in dense granu-
lar media, which distinguishes the contact force distribution in
fluidized beds.

To manifest the spatial correlation between force networks
and solid stresses, an instantaneous particle configuration at a
time of 5 seconds is studied. The particle positions are shown by
dots in Fig. 4(a) and the number of contacting neighbors (Nc

1)
to a particle are denoted by contour levels in the figure. The mul-
tiple contacts (Nc > 1) show the locations of force networks (in-
cluding binary collisions). The solid phase continuum fields are
obtained using the coarse-graining process of Eq. 14. The width
of the coarse-graining function is set toWx = 1 cm, Wy = 1 cm
andWz = dp = 0.25 cm. The number of samples is one in this
case, i.e.,M = 1. The collisional stress components,T c

xx, T c
yy

andT c
xy, are shown in Figs. 4(b), 4(c) and 4(d), respectively. The

solid volume fractions are shown in Fig. 4(e). The high volume
fractions correspond to the highNc region. The kinetic stress
components,T k

xx, T k
yy andT k

xy, are shown in Figs. 4(f), 4(g) and
Copyright c© 2007 by ASME
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Figure 4. INSTANTANEOUS PARTICLE CONFIGURATION, SOLID VOLUME FRACTIONS AND STRESS COMPONENTS AT 5 SECOND. PARTICLE

POSITIONS ARE SHOWN AS POINTS AND THE Nc NUMBERS ARE SHOWN BY CONTOUR LEVELS IN (a). THE COLLISIONAL STRESS COMPO-

NENTS ARE SHOWN IN (b) T c
xx, (c) T c

yy AND (d) T c
xy. SOLID VOLUME FRACTIONS ARE SHOWN IN (e). THE KINETIC STRESS COMPONENTS

ARE SHOWN IN (f) T k
xx, (g) T k

yy AND (h) T k
xy. THE UNIT OF STRESSES IS dyne/cm2.
4(h), respectively. The collisional stresses are the dominant con-
tributions to the total stresses; about ten (10) times larger than
the kinetic stresses. The locations of large collisional stresses are
positively correlated to the locations of force networks. For ex-
ample, comparing Figs. 4(a)–4(d), both large collisional stresses
and force networks occur in the upper region above the bubble.
7
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The locations of kinetic stresses, however, are not directly corre-
lated to the force networks, but to the high velocity region near
the free surface. Thus, force networks locations provide informa-
tion as to location of the collisional stresses. This confirms that
the findings of force networks (multiple contacts) [7] are useful
for investigating fluidized bed constitutive behaviors.
Copyright c© 2007 by ASME

: http://www.asme.org/about-asme/terms-of-use



Do
Volume fraction εs

Granular temperature θ(cm2/s2)

B
ed

H
ei

gh
t(

cm
)

0 0.2 0.4 0.6

0 50 100 150 200 250

10

20

30

40 εs30 samples
εs100 samples
εs150 samples
θ 30 samples
θ 100 samples
θ 150 samples

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-steadystate
are investigated using results obtained from multiple samples,
i.e., M > 1. The width of the coarse-graining function is se
to Wx = 15 cm, Wy = 3 cm andWz = dp = 0.25 cm. In
this way, the field variables are obtained as univariate functions
of the bed height. The statistical effect of number of samples,
M , on the continuum fields obtained by the coarse-graining p-
cess is investigated. The solid volume fractionεs and granu-
lar temperatureθ obtained from coarse-graining processes wi
M = 30, M = 100 and M = 150 are plotted in Fig. 5 as
functions of bed heights. It can be seen that the volume fraction
has little variation with respect to sampling, as shown withthe
three cases. The granular temperature has noticeable differences
for sampling withM = 30 and the other two sampling case
in the dilute bed region, where volume fraction is less than0.3
and bed height is higher than 16 cm. The difference is caus
by the greater velocity fluctuations due to less particles inthe
dilute region. However, the granular temperature calculated us-
ing M = 100 andM = 150 are reasonably close. Thus, th
continuum fields are statistically converging with regard to the
sample sizes. The same convergence is observed for the s
stress componentTxx shown in Fig. 6 (the other components o
the stress tensor have the same behavior and are not plotteo
avoid cluttering the figure). The continuum fields obtained from
M = 150 using coarse-graining process are presented in the
lowing discussion for the small statistical error in this case.

The normal stresses,Txx andTyy, and the shear stressTxy,
are computed across the bed width (Wx = 15 cm) and shown
in relation to the bed height in Figs. 7(a), 7(b) and 7(c), respec-
tively, for their kinetic (superscript k) and collisional (superscript
8
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c) contributions. Note that the shear stressTyx is similar toTxy

and is not shown. The kinetic contributions of the normal stresses
T k

xx and T k
yy 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 between thedense
and dilute flow regimes), and then rapidly decrease in dilutere-
gion. The shear stress kinetic contributionT k

xy exhibits positive
stresses in the dense bed and negative stresses in the diluteregion
(greater than 16 cm). Another observation is that the kinetic nor-
mal stressT k

yy in the streamwise direction (y–direction) is greater
thanT k

xx because the particles fluctuate more vigorously in the
streamwise direction. The collisional contributions of the normal
and shear stresses, however, peak at a bed height of 10 cm, where
the collisions are most prevalent. The collisional contribution
T c

yy is also greater thanT k
xx in the streamwise direction affected

by the same fluctuation difference in different directions.This
observation is consistent to the normal stress difference observed
in simple shear flows of granular materials [25, 26]. Overall, the
collisional contributions are greater than the kinetic contributions
for both the normal and shear stresses, demonstrating that parti-
cle collisions dominate the stress behavior.

The kinetic theory constitutive stress model presented in
Eqs. 24 and 25 is tested by substituting for the solid volume
fractions, granular temperatures and strain rates computed from
the coarse-graining process. The strain rates are calculated us-
ing a central-difference numerical scheme. The normal stresses
T KT

xx and T KT
yy , and the shear stressT KT

xy are also shown in
Figs. 7(a)–7(c), respectively. The kinetic theory model predicts
almost the same normal stresses, i.e., for the kinetic contribu-
tions, T KTk

xx ≈ T KTk
yy and for the collisional contributions,
Copyright c© 2007 by ASME
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T KTc
xx ≈ T KTc

yy . Thus, the kinetic theory models presented in
Eqs. 24 and 25 is not capable of capturing the normal stress
difference present in the fluidized bed. A kinetic theory model
using the Burnett correction [27] may be necessary to correctly
capture this feature of the stresses in the fluidized beds. Since
the kinetic theory stresses are calculated using the same parti-
cle velocity fluctuations as the coarse-graining process, it can be
shown thatT KTk

xx = T KTk
yy = (T k

xx + T k
yy + T k

zz)/D, which can
be verified by comparing Eq. 21 with Eq. 24. Compared to the
stresses obtained directly using coarse-graining, the collisional
normal stresses predicted by kinetic theory model agree well at
the dense region (bed height is lower than 6 cm), but are over-
predicted at the dilute region. This over-prediction is partially
due to the higher granular temperature at the dilute region (see
Fig. 5). The shear stresses predicted by the kinetic theory model
do not agree well with the coarse-grained stresses. The over-
prediction of normal stresses and disagreements of shear stresses
indicate more investigations on the constitutive model is neces-
sary.

CONCLUSIONS
A gas-solid fluidized bed has been simulated using a hybrid

TF-DEM method. Detailed analyses of the solid phase structures
and stresses have been performed. The force network size distri-
bution shows that a large force network does not exist under a
fluidization velocity of1.5Umf . Particle normal contact forces
have an exponentially decaying distribution , which indicates the
heterogeneity of the contact forces. Lack of a plateau for small
forces is a distinct feature of the distribution compared tothat
for dense granular media. The solid stresses have differences in
the normal stress components. The collisional contribution to the
solid stress is found to be larger than the kinetic contribution and
spatially correlated to force networks. The kinetic theorystress
model predicted no difference in normal stress components and
over-predicted the collision contributions to the normal stresses.
The analyses have demonstrated the characteristics of structures
and stresses in a typical fluidized bed at a well-fluidized state.
The comparisons to the kinetic theory constitutive model probe
the inability of the model and point out the potential need for a
Burnett order constitutive model for fluidized bed modeling.

The analysis methods demonstrated in this paper can be ap
plied to a large range of fluidization states. The results will re-
veal the constitutive behavior of fluidized beds under different
fluidization conditions and may also provide directions forcon-
stitutive modeling.
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