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The impact of physical and process parameters on flow of gas and particles in a vertical
duct has been examined. Steady-state solutions were sought to equations of continuity and
motion with closures from kinetic theory and the variations of the solutions with changes
in parameters were computed using a bifurcation/continuation approach. When the
particles are assumed elastic, we find that the segregation of particles transits from the
center to the walls with an increase in the bed width or solids load. The origin of this
transition arises from the contribution of the gas-particle slip term on the pseudothermal
energy transport. When the particles are inelastic, we find particles always segregate to
the center of the channel, irrespective of the bed width or solids load. As we track the
variation of the average solids fraction with a number of parameters, multiple steady-state
solutions can be observed. Recent interest in using fluidized beds on Mars or the Moon for
local production of oxygen has prompted us to examine the effect of gravity on steady fully
developed flows in gas-particle fluidized beds. When the average gas velocity is held
constant, the flow profiles are found to be insensitive to the magnitude of gravity if the gas
flow rate is high and particles always move upward in the bed. The physical mechanism
leading to this insensitivity can be traced to the automatic compensation of the gas-
particle drag force to the body force. However, when the gas flow rate is low, particles
move downward in the region close to the walls with high gravity, whereas this downflow
is not observed under low gravity. Finally, the effects of two dimensionless numbers are
investigated. It is found that the flow behaviors are not sensitive to the variation of the
Reynolds number when this number is high because of a relatively small value of the gas
viscous term. With an increase in the Froude number, the gas and particle velocities
decrease as well as the granular temperature. © 2005 American Institute of Chemical
Engineers AIChE J, 52: 940-956, 2006
Keywords: fluidization, bifurcation/continuation analysis, gas-particle flows, parametric
analysis

Flow

Introduction

Gas fluidized bed reactors are used extensively in petroleum,
chemical, pharmaceutical, agricultural, biochemical, food,
electronic, and combustion processes. Fluidized bed reactors
possess high heat and mass transfer coefficients as a result of
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excellent mixing between the gas and the solid phases.! There
are two approaches commonly used to model the flow behavior
of particles flowing with a carrier gas: the Eulerian approach?-!!
and the mixed Eulerian-Lagrangian approach.'>'> Eulerian
models, or two fluid models, treat both the gas and solid
particles as a continuum, based on volume- or ensemble-
averaged equations of motion. Mixed Eulerian—-Lagrangian
models, or discrete particle models, treat the gas phase as a
continuum while computing the trajectory of each particle. The
interactions between the gas phase and the particles are de-
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scribed based on experimental and theoretical correlations.
From a computational perspective, the Eulerian approach is
attractive because the calculations are not limited by the num-
ber of particles in the system, which is advantageous when
modeling large-scale reactors.

Equations with an averaged form have been proposed ex-
tensively in the literature.'o-'° The averaging process generates
averaged quantities, such as the solid-phase stress, which re-
quire closure through constitutive relations. It is common to
derive the constitutive relations for particles experiencing rapid
deformation from the kinetic theory of dense gases.?0-23

A number of theoretical studies have been performed in the
last 15 years, to analyze steady, fully developed gas-particle
flows in a vertical tube, using kinetic theory. To the best of our
knowledge, Sinclair and Jackson? were the first to set up a
laminar gas-laminar particle model to simulate fully developed
gas-particle flows in a vertical pipe. By plotting the variation of
the gas flow rate as a function of the particle flow rate for a
given pressure drop, a contour map of the possible flow re-
gimes was obtained. The performance diagrams were calcu-
lated over the whole range of cocurrent upflow and downflow,
and countercurrent flow. The contour map and flow profiles
qualitatively captured some important features of vertical pipe
flows, such as packed beds, fluidized beds, choking, and flood-
ing. Yasuna et al.> compared a large body of experimental
measurements with the predictions from the model developed
by Sinclair and Jackson.? In the paper by Yasuna et al.,> three
types of drag coefficient closures were evaluated, and it was
concluded that the flow behaviors are insensitive to the differ-
ent drag force closures.

In fluidized beds, when particles are rapidly transported
upward by the gas they are seen to normally segregate near the
walls and the core of the reactor is occupied by a dilute region
with high gas velocities.?+?7 Clearly, the flow properties, such
as pressure gradient and velocity profile, are not the same as if
the particles are uniformly distributed. Therefore, it is impor-
tant to understand the physical mechanism responsible for this
heterogeneity and to be able to predict this behavior quantita-
tively as a function of operating conditions (such as bed width)
and the particle properties (such as the inelasticity of particles).
Most previous numerical work has concentrated on determin-
ing more realistic constitutive relations and obtaining better
agreement between the computational results and experimental
data. The analysis of parametric influences on the flow profiles
has not been developed systematically. Among a large number
of physical and operating parameters in gas-fluidized beds, our
study mainly focuses on six parameters: inelasticity, gravity,
bed width, solids fraction, Reynolds number, and Froude num-
ber because many questions concerning the effect of these
parameters on the steady-state flow profiles remain unan-
swered.

Inelasticity of the particles is a critical parameter for the
stability of gas-particle systems. In the model of Sinclair and
Jackson,? two coefficients are used to describe the system
elasticity. One is the coefficient of particle—particle restitution,
e,, the other is the coefficient of particle-wall restitution, e,,..
The value of these two coefficients ranges from zero for per-
fectly inelastic collisions to one for perfectly elastic collisions.
A main topic of discussion on the application of the Sinclair—
Jackson model is that the steady-state profiles manifest an
extreme sensitivity to the coefficient of particle—particle resti-
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tution.2* To eliminate this sensitivity, turbulent models have
been proposed in several papers.®2% Dasgupta et al.”8 re-
moved the sensitivity of the coefficient of restitution to the
steady-state flow profiles by adopting a simple form for the
closure of particle-phase stress. Therefore, the particle-phase
stress is not dependent on the granular temperature, and the
resulting equations have no reference to the coefficient of
particle—particle restitution. Hrenya and Sinclair® described
two models to investigate the combined effects of the interac-
tions among individual particles and the interactions associated
with the collective motions of particles. By adding particle
turbulence contributions into the governing equations and the
constitutive relation for the dissipation of pseudothermal en-
ergy, they found that the sensitivity of the system to inelastic
particle—particle collisions could be substantially reduced.
With respect to the laminar model, previous work has indicated
that in rapid granular flows, in which particles interact by
nearly instantaneous collisions, the value of granular tempera-
ture is related to the magnitude of 1 — e§.29'31 For example, in
a simple sheared system, when the effect of gravity is ne-
glected, the granular temperature in the steady-state flow con-
verges to a value T = C(y*[}/e), where & = 1 — eﬁ is the degree
of inelasticity, [, is the equilibrium mean free path, vy is the
shear rate, and C is a volume fraction dependent prefactor.3 In
this case, it is not surprising that the granular temperature is
extremely sensitive to the coefficient of restitution when its
value is close to 1, and this sensitivity is reduced as the value
of the coefficient of restitution is continuously decreased.

It is well known that steady-state solutions to a laminar
model are quite different from (1) time-dependent solutions to
a laminar model and (2) steady-state solution to a turbulent
model. The reason we choose to further examine steady-state
solutions to the laminar model is that determining the effect of
parameters is important for theoretically understanding the
physical principles in gas-particle fluidized beds. The goal here
is not to compute solutions that can be used to design or
scale-up industrial risers but rather to advance the state of
knowledge in this area. A long-term goal of work in this area
is a full bifurcation and stability analysis for gas-fluidized beds.
An investigation of steady-state flows is the first step in this
regard. When carrying out bifurcation and stability analysis, it
will be necessary to return to the transient model and use
steady-state solutions obtained in the current paper as initial
and base states. Because the base state has a critical effect on
the stability analysis and the form of instability structures
(bubbles, clusters, streamers), it is important to investigate
parametric effects on this steady-state model. Moreover, it is
likely that an understanding of the effect of parameters on
steady states will give insight into the effect of the parameters
on transient solutions. Although we have focused on the lam-
inar model, we recognize that turbulent models are a powerful
tool for modeling fluidized beds but, because of time averag-
ing, they require the introduction of uncertain closures. There-
fore, they do not have as strong a theoretical footing as that of
laminar models.

Wang et al.3334 reported that for a granular flow in a channel,
walls could be a source or a sink of fluctuational energy,
depending on the value of e, and e,, where ¢, describes the
degree of inelasticity of collisions between particles and the
walls. If e, < e,, the wall is a sink of fluctuational energy, and

P

the granular temperature has a negative gradient toward the
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walls. When e, > e, the wall is a source of fluctuational
energy, and the pseudothermal energy has a flux from the walls
to the particle assembly. It is of interest to extend the study of
the nature of boundaries to the gas-particle system to see their
effect on the flow profiles.

Another parameter examined in this article is the gravity
force, which has a significant effect on the fluidization state.
Many operating parameters, such as the particle terminal ve-
locity and the pressure gradient, vary with different values of
the gravity force. An understanding of the effects of gravity on
fluidized beds is important for local resource utilization on the
Moon and Mars. Future missions to the Moon and Mars would
likely make use of oxides in the soil and a fluidized bed is a
likely candidate for processing lunar and Martian soil. Gravity
is also an important parameter for the stability of fluidized
suspensions. Based on the work of Gibilaro and Foscolo,? a
significant stabilization of the fluidization process could be
predicted under low gravity conditions. Compared with liquid-
fluidized beds, this stabilization effect is more pronounced in
gas-fluidized systems. However, the contributions of the grav-
ity on the fully developed flow solutions of gas-particle fluid-
ized beds have not been widely investigated.

So far the majority of theoretical studies have been confined
to narrow systems. In industrial systems the width of the bed is
usually many orders of magnitude larger than the particle
diameter. Pita and Sundaresan® used the Sinclair—Jackson
model to study the scale-up characteristics of pipe flows for a
range of tube diameters. The occurrence of steady-state multi-
plicity wherein different pressure drops could be obtained for
the same gas and particle flow rates was presented. They also
found that for small tube diameter the pressure drop decreases
rapidly as the bed diameter increases. However, when the tube
diameter is sufficiently large, this trend can be reversed.

The contribution of the mean solids fraction on the stability
of gas-fluidized beds has been proposed in numerous publica-
tions.30-3% A stability analysis shows that an increase in solids
fraction can suppress instabilities because the particle pressure
and the solid-phase effective viscosity increase with increasing
solids fraction.?*#! The variations of the steady-state flow
profiles with different average solids fractions were presented
by Sinclair and Jackson? for a narrow gas-fluidized bed. It is of
interest to extend their analysis to wider systems to see the
influence of the solid fraction on the steady-state solutions.

In many articles, the governing equations were cast in di-
mensionless form.># Thus, dimensionless groups are intro-
duced in the equations. In the present work, two dimensionless
groups have been studied. One is the Reynolds number (Re)
and the other is the Froude number (Fr). The Reynolds number
can be an important parameter for the transition of flow re-
gimes in gas-fluidized beds. Fr, which represents the ratio of
inertia force to the gravity force, is also used to characterize
fluidized beds.*?

Model Equations

In this article, we examine a model that simulates the hy-
drodynamic behavior of gas-particle flow in a channel, assum-
ing laminar flow for both the gas and solid phases. The geom-
etry of the system considered is shown in Figure 1, where the
gas flows from bottom to top and 2A is the width of the
channel.
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Figure 1. Bounded gas-particle flow in a fluidized bed.
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The continuity and momentum balance equations for the gas
and particle phases, originally proposed by Anderson and Jack-
son,'® are used in the present study. For steady-state flows,
these equations take the form

V- (¢n) =0 (D
V-[(1—¢u]=0 (2)
psplv- Vvl = =V-ao,— ¢V 0, + f+ dpg 3)

p(1 = D)u-Vul= -1 =)V g~ f+ (1= dpg @

where ¢ denotes the volume fraction of particles; v and u
denote the local average velocities of particles and gas, respec-
tively; p; and py are the solid and gas densities respectively; g
is the specific gravity force; f is the average interaction force
per unit volume of bed, exerted on the particles by the gas; and
o, and o, are the effective stress tensors for the particle and gas
phase, respectively. Because the solid-phase stress is assumed
to depend on the granular temperature, an equation represent-
ing the balance of pseudothermal energy (PTE) is required:

3
V' <§ pv(bTy) = _V'g_gzvl)_‘]coll_‘]v[s (5)

Equation 5, initially proposed by Agrawal et al.,** represents
the PTE balance, where T denotes the granular temperature that
is proportional to the mean square of particle fluctuation ve-
locity. The first term on the right-hand side represents the
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diffusive transport of PTE, the second term represents the rate
of production of PTE by particle—particle shear, the third term
denotes the rate of dissipation of PTE through inelastic colli-
sions, and the final term denotes the viscous damping and the
production of PTE by gas-particle slip.

To solve this system, physically meaningful closures are
needed to close the above equations. A form analogous to that
of a Newtonian fluid is assumed for the gas-phase stress tensor:

2
o= Pl = | Vet (V0" =5 (V0| 6)

where P, is the gas-phase pressure and p,, is the effective gas
viscosity. In this model, we adopt the expression for w,,
suggested by Sinclair and Jackson?:

Peg = Beo(l +2.5¢ + 7.6)(1 — ¢/dpay) (N
whose value vanishes when the particles are close packed with
solids fraction ¢,,,,, and equals the pure gas viscosity when the
bed is operated in a very dilute condition. The fluid particle
interaction force is taken to have the following form?3°:

f=0-9¢)B(u—v) )

We have adopted the form for the drag coefficient 8 used by
Anderson and Jackson3¢ for the bulk of our work:

_ dlp.—ppe(l - o)

Yy

B )

where v, is the particle terminal velocity. This form is deduced
from the well-known Richadson—Zaki** correlation and repre-
sents a convenient form for a fluidized bed at low Reynolds
numbers, and is consistent with the form adopted by Sinclair
and Jackson.? In Eq. 9, the exponent N depends on the Reyn-
olds number based on the terminal velocity. Considering the
normal flow velocity of gas-fluidized beds, a value of 3 is used
in the simulations for the exponent N.*¢ The evaluation of v,
was from the following correlation from Kunii and Leven-
spiel:

pAps — pf)g] "

d* = d[
Mg

N 18 0.5917"!
U TR TDE

o v{ p]% :|1/3
Y kps—pPg

To investigate the sensitivity of the results to changes in the
closure for the drag coefficient, we also considered a correla-
tion adopted by Wen and Yu#*>:

(10)

B dplv—u
B_ZCDW
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Table 1. Kinetic Theory Expressions for Particle-Phase
Stress, the Pseudothermal Energy Flux, and the Rate of
Dissipation Attributed to Inelastic Collisions

o=b+h

P, = p.bTI 21 [1+8 (3n — 2 ]s

:k_ps £ n(z_n)go 577 n 8o |2

16 8
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6
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The forms for particle-phase stress, the pseudothermal en-
ergy flux, and the dissipation rate of inelastic collisions, de-
rived by Lun et al.,?° are presented in Table 1, where P, and P,
represent the kinetic and collisional contributions to the total
particle stress tensor; g, is the radial distribution function taken
from Johnson and Jackson*®; u is the viscosity of the particle
phase; p, is the bulk viscosity for particles; A is the pseudo-
thermal conductivity; and S represents the deviatoric part of the
particle-phase rate of deformation tensor. Our simulation
shows that the second group of terms on the right-hand side of
the expression for g, which denotes the contribution to the flux
of the pseudothermal energy is proportional to the gradient of
the particle concentration, is very small relative to the other
terms even when the particle—particle restitution coefficient is
<0.9. Thus this term is neglected in calculations. The fourth
term on the right-hand side of Eq. 5, representing the viscous
damping and production of PTE by gas-particle slip, is given
by Agrawal et al.*3:

81dpy(u — v)

Jviv:3 T—
BT o AT

(12)

Unlike most previous work, in which the contribution of this
term was not considered,2# the effect of this term is investi-
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gated in the present study. Our model is identical to the
Sinclair—Jackson model? except for the inclusion of this term.
For steady, fully developed flows, the continuity equation is
identically satisfied. Using p,, v,, A, and A/v, as characteristic
density, velocity, length, and time, the momentum and pseudo-
thermal energy equations can be cast in dimensionless form:

BD dpf BD(1—E)
_?%—fﬁ)(b& — )
BDE d (  duf
‘TTy(“wdy J=o a3
D(l —E) s dv’f
(14
d
dy (AT*) =0 (15)
d dT* (1—E)D
E <f4(T*)1/2 E) - D2fs(T*)3/2 - I 3foT>X<
2 1 [ dv¥\?
g = DT+ (T ( dy*) =0 (16)

where the dimensionless parameters and dimensionless vari-
ables are

2
_pde o w A
e gA d Ps
Pr u, [ T
*— ’ *— o = = T% = —
pf ng * vt v‘ vt vlz
’J’eg
E——
I‘L(’g lJ.,g

The functions f, to f5, which depend only on the solids
volume fraction, are dimensionless and are given in Table 2. In
the present study, the majority of the results presented will be
in dimensionless form.

The boundary conditions at the wall (y = 1) for the particle-
phase force balance and pseudothermal energy balance, origi-
nally given by Johnson and Jackson,*¢ take the following forms
in terms of dimensionless variables:

o 17
dy <Pf6v - ( )
dT*
dy* Do'f;(v)* + D(1 — e}) fsT* = 0 (18)

where ¢’ is the specularity coefficient whose value ranges from
zero if the collisions between the walls and particles are spec-
ular to unity if the incident particles are scattered diffusely,
representing the roughness of the walls; f;—f; are dimensionless
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Table 2. Dimensionless Functions f,—f

fo = ¢ — 'Y
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_81;1%
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functions defined in Table 2. In most theoretical studies on
gas-particle fluidized beds, a no-slip or (stress) free boundary
condition is applied to the gas phase. This is true for the point
velocity of the gas at the walls. However, the gas velocity
appearing in the equations of motion is not this, but some
suitable average. Therefore, an appropriate boundary condition
for the gas velocity at the walls is a subject of debate. The
boundary condition representing the force balance of gas phase
originally proposed by Sinclair and Jackson? was used in the
bulk of this work:

du®* BDG(l1 — E BDG dp¥
pr, M2 BRCUZE) & fn g BOG O DT
“dy* C Drmax C b dy*
d)max sk
2675 TP =0 (19)

where G is a dimensionless variable related to the thickness of
a layer adjacent to the wall in which we calculate the force
balance. To study the effect of the gas boundary conditions on
flow profiles, simulations based on no-slip and free gas-phase
boundary conditions have also been carried out. We found
under our physical situation the flow profiles are not sensitive
to the gas-phase boundary conditions. Only a small difference
can be observed in the region close to the walls (see Figure 2).
However, to keep consistent with equations with averaged
forms, the expression proposed by Sinclair and Jackson? was
used in the following simulations. It is found that the governing
equations along with the boundary conditions admit the fol-
lowing symmetry:

wiy) =uf—y) ¥y =7d(-y

o*(y) = ¢*(—y)  T*(y) =T*(—y)
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Figure 2. Effects of gas boundary conditions on the flow
profiles.
e, = 1, ¢ = 0.1. (a) gas velocity profile; (b) solids fraction
profile.

Thus, a relevant boundary condition at y = 0 can be written as

du*® 0 dv* . dr* 0 20
dy* B dy* N dy* N (20)

The base physical parameters used in this model are listed in
Table 3, representing cocurrent upflow of 400 um diameter
particles in air at 500°C and 6.5 atmosphere in a narrow
channel. Equations 13-20 describe a steady-state gas-particle
laminar flow in a channel.

The above model consists of four ordinary differential equa-
tions and four unknowns (u, v, ¢, and T), subject to two point
boundary conditions. Equation 15 can be rewritten as an alge-
braic equation to provide an explicit relation between ¢ and T.
This eliminates one unknown and leaves only three differential
equations and three unknowns. A numerical method based on
the orthogonal collocation approach*’ is set up to obtain the
solutions for the base state. Another numerical scheme, that is,
a second-order finite-difference method is also used to ascer-
tain the correctness of the solutions. Preliminary results con-
firm that both numerical methods yield the same solutions.

Table 3. Basic Simulation Parameters

d Particle diameter 400 pm

v, Particle terminal velocity 1.37 m/s

Mg Viscosity of gas 0.00004 kg ms™!
max Maximum solid volume fraction 0.65

Pe Gas density 3 kg/m®

P, Solid density 1500 kg/m?

N Richardson—Zaki number 3

g Gravitational acceleration 9.81 N/kg

2A Bed width 4 cm

e, Particle-wall restitution coefficient 0.9

¢’ Specularity coefficient 0.5
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Figure 3. Gas flow rate vs. solid flow rate at a constant
pressure gradient.

dp*ldx* = —0.4; e, = 1; D = 500; 2A = 40 cm. All other
parameters are given in Table 3.

From the simulation, it is found that multiple solutions can
be obtained with different initial guesses. To find all possible
solutions and track the variation of the solutions with different
parameters, we make use of a bifurcation analysis and contin-
uation approach with AUTO 86 software.*® The calculation
procedure of the continuation approach involves the following
steps. First, input a steady-state solution into the AUTO 86
software as the initial state. Then the software calculates the
solution branches as a function of the chosen parameter as
other physical parameters are kept unchanged. In the present
work, the continuation is carried out based on two different
algorithms. The first is examining the variation of the solids
fraction amplitude, ¢, — bmin» With a chosen parameter,
which requires calculating the differential form of Eq. 15 with
two constraints, d¢p/dy = 0 at the center and the average solids
fraction across the channel is a constant. The second involves
examining the change of the average solids fraction with a
chosen parameter. This requires rewriting Eq. 15 in an alge-
braic form:

JiT* = C, 2n

and calculating the steady-state solutions in terms of the coef-
ficient C,.

In previous work, simpler models have been used to simulate
the hydrodynamics in gas-fluidized beds,!6-3¢:39-41 where the
solids-phase stress was not dependent on the granular temper-
ature. Therefore, the PTE balance equation was not required.
To investigate the contribution of the PTE equation on bounded
gas-particle flows, the model, originally proposed by Glasser et
al.4! for unbounded flows, is examined in a channel with
no-slip boundary conditions for both gas and particle phases.
Although the gas and solid velocity profiles computed using the
model in Glasser et al.*! share similar features to those com-
puted using the present model, the solids fraction is always
uniform across the bed because the equation representing the
momentum balance in the lateral direction can be simplified as
¢ = constant. Clearly, the uniform solids fraction profile is
unrealistic for bounded channel flows, so the PTE equation is
indispensable for bounded flows.
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Figure 4. Variation of the solids fraction amplitude,

(t'max - d)min! with ep'
¢ = 0.2. Parameters are given in Table 3.

Results and Discussion

An overall view of possible flow regimes of gas-particle flow
in a vertical channel is shown in Figure 3. This is examined by
plotting the variation of dimensionless gas volume flow rate Q%
as a function of the dimensionless solid volume flow rate Q*
for a given value of the pressure drop, where Q% = Q/(A%v,)
and Q’:, = Qg/(sz,). The curve in the first quadrant represents
cocurrent upflow. The curves in the second and third quadrants
describe countercurrent flow and cocurrent downflow, respec-
tively. When the gas flow rate is reduced in the first quadrant,
the solid flow rate increases initially, passes through a maxi-
mum, and then decreases. After crossing the axis into the
second quadrant, the solids flow rate continues decreasing, then
passes through a minimum in the third quadrant and moves
back toward positive values of the solid flow rate. Figure 3
clearly shows the existence of multiple solutions, which means
that for a given solid flow rate, the system can have more than
one steady-state solution. This kind of contour map and steady-
state multiplicity were also reported by Sinclair and Jackson.?
It is interesting to note that for a zero value of the solid flow
rate, the gas flow rate has two values, where point A represents
a dilute fluidized state, whereas point B represents a fluidized
state close to the maximum particle packing. In this work, we
have focused on solutions in the first quadrant, which corre-
sponds to cocurrent upflow.

The contribution of particle inelasticity on granular flows
and gas-particle flows has been discussed in a number of
papers.®29-30 Figure 4 shows the solids fraction amplitude, ¢,,,«
— ¢min» as a function of the coefficient of particle—particle
restitution. When e, is close to 1, the solids fraction amplitude
is very sensitive to this parameter. However, when its value is
<0.985, a plateau can be observed, indicating that e, has little
effect on the flow structures. To better understand the struc-
tures of the branches in the continuation map, the flow profiles
for points A, B, C, D, E, and F are plotted. Figure 5 shows the
variation of the solids fraction, granular temperature, and gas
and solid velocities within the fluidized bed for points A, B, E,
and F. When elastic collisions between particles in fluidized
beds are assumed (point A, e, = 1), there is a plateau of low
solids density in the center region and a relatively large con-
centration of particles near the walls. The granular temperature
increases slightly when moving away from the center, passes
through a maximum, and then decreases rapidly near the walls.
The relation of the solids fraction and the granular temperature
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is predicted in terms of Eq. 15 that the solid concentration
should be small in regions where the granular temperature is
large, and vice versa.

The variation of gas and solid velocities is shown in Figures
5c and 5d, respectively. For the elastic case, both velocities are
higher at the center and lower at the walls. The velocity
difference between the gas phase and solid phase is associated
with the well-known drag force. It has been shown that the drag
force plays a key role in the formation of heterogeneous flow
structures in gas-particle fluidized beds when collisions be-
tween particles are ideal.'* This “core—annular” flow structure
in gas-particle fluidized beds has been discussed in many
papers and is typically observed in fast gas-fluidized
beds.2>49-52 However, when collisions between particles are
slightly inelastic (point B, e, = 0.995), the flow profiles exhibit
a different structure. Under this condition, there is a segrega-
tion of particles near the center and a dilute region near the
walls (Figure 5a). This type of flow structure has been observed

(a)

Figure 5. Effect of the coefficient of particle-particle
restitution on gas-particle channel flow.

¢ = 0.2. (a) Solids fraction profile; (b) granular temperature
profile; (c) gas velocity profile; (d) solid velocity profile
(points A, B, E, and F are given in Figure 4).
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Figure 6. Solids fraction profiles corresponding to
points C and D in Figure 4.

¢ = 0.2. Parameters are given in Table 3.

in computer simulations of gas-fluidized beds.>!> To the best of
our knowledge, this flow structure has not been experimentally
observed in gas-fluidized beds, although is has been observed
in liquid-fluidized beds.>35* The gas-phase velocity initially
remains a constant value when moving away from the center,
passes through a maximum corresponding to the maximum in
the granular temperature profile, and then decreases quickly
near the walls (Figure 5c). This relation between the granular
temperature and the superficial gas velocity has been observed
in experiments.>>>¢ When e, = 0.995, the solid velocity has a
maximum value in the center and decreases when moving
toward the walls (Figure 5d). When the system becomes more
inelastic (point E, ¢, = 0.96; point F, ¢, = 0.95), the segrega-
tion of particles is more pronounced and a plug flow with
maximum solids fraction can be seen near the center. There-
fore, using this laminar model core—annular solutions cannot be
obtained unless the restitution coefficient is equal to unity. In
Figures 5c and 5d, the relative velocity between gas and solids
is quite large in the region close to the walls if collisions
between particles are inelastic, which is attributed to the seg-
regation of particles. For inelastic cases, most particles segre-
gate in the center and there is a dilute region close to the walls.
Because the drag coefficient decreases with a decrease in solids
fraction, the value of the drag coefficient is much larger in the
center than that close to the walls. At the same time, the
gas—solids relative velocity increases from the center to the
walls. Similar flow profiles were also obtained by Sinclair.>”
Scrutiny of Figures 4 and 5 reveals that the sensitivity to the
coefficient of restitution occurs only when e, is close to 1.
When the gas-particle system transits from an elastic case to a
slightly inelastic one, the particles start to migrate from the
walls to the center. When the solids concentration is equal at
the center and the walls, the solids fraction amplitude goes
through a minimum (see Figure 4, ¢, = 0.998). With a further
decrease in e, the solids fraction becomes higher at the center
than at the walls, leading to an increase in the solids fraction
amplitude. Once ¢, is <0.985, a solids fraction close to the
packed bed limit is observed at the center, indicating that a
maximum solids fraction amplitude is approached. With a
further decrease in e, the gas-particle flow profiles are not
sensitive to this parameter. Another interesting phenomenon
observed in the continuation is that the profile of solids fraction
amplitudes has an “S” form bifurcation diagram when e, is
between 0.990 and 0.986, indicating the existence of multiple
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solutions for a fixed set of physical parameters. To better
understand this bifurcation diagram, the solids fraction profiles
are plotted for points C and D (e, = 0.988). Figure 6 shows that
the solution branch corresponding to D—E represents a state of
maximum solids fraction at the center, whereas the solution
branch corresponding to B—C represents a transition process of
particle segregation from the walls to the center.

By examining the continuation map and the solids fraction
profiles (see Figures 4 and 5), we can see that a transition from
“core—annular” structure to center segregation of particles oc-
curs when e, decreases from 1 to 0.99, and with a further
decrease in e, the flow profiles are not sensitive to this param-
eter. This is in agreement with the results of Goldhirsch3? that
the granular temperature is related to 1 — ef,. It is clear that
when e, is changed from 0.99 to 0.999, the value of 1 — ef, is
changed tenfold. However, when e, is changed from 0.95 to
0.96, the value of 1 — e,z, varies by only 1.24-fold. Accordingly,
it is not surprising that the extreme sensitivity exists in the
gas-particle flow when e, is close to 1, and this sensitivity is
reduced when the system becomes more inelastic.

From Figure 5, it can be observed that the granular temper-
ature near the walls increases as e, decreases, indicating that
the flow structures have a potential to switch from a situation
where the wall behaves as a sink of PTE to a source of PTE.
This variation can be related to the value of the coefficient of
particle-wall restitution (e,,). The effect of e, on the solids
fraction and granular temperature is shown in Figure 7. It can
be seen that e,, plays a small role in the solids fraction profiles.
Small variations are obtained only in the region near the walls
when e, is increased from 0.6 to 0.99. The impact of e,, on the
granular temperature is more pronounced. When e, is suffi-
ciently large, the wall is a source of fluctuational energy. The
value of granular temperature increases on moving toward the

(a)
06 1 \\\ ---ew=0.99
\, —ew=0.6
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Figure 7. Effect of the particle-wall restitution coeffi-
cient on gas-particle channel flow.

¢ = 0.25, ¢, = 0.96. (a) Solids fraction profile; (b) granular
temperature profile.
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Figure 8. Particle pressure profiles across the bed.
=01 e, =1;(b) e, = 099 (c) ¢, = 0.96.

walls from the center. If e, is small, however, the wall is a sink
of fluctuational energy, and the granular temperature decreases
near the walls. Because the velocity profiles exhibit only a
small difference when e, changes from 0.99 to 0.6 and they are
quite similar to the case of ¢, = 0.96 in Figures 5¢ and 5d, the
results are not shown here. Based on these results, it is clear
that the solids fraction profiles are not sensitive to the different
values of e,

In the kinetic theory closures, if the frictional contribution is
neglected, the particle pressure is composed of two terms, the
kinetic part and collisional part.?® To the best of our knowl-
edge, the distribution of the particle pressure across the bed has
not been examined for continuum models for bounded gas-
particle flows. Figure 8 shows the effect of the coefficient of
restitution (e,) on the distribution of solids-phase pressure
through the channel. It is found that the magnitude of the total
particle pressure strongly depends on the value of coefficient of
restitution. The increase in the total particle pressure with an
increase in e, can be attributed to the fact that the system loses
less energy as e, increases, and the particles move faster and
have a higher chance to collide with each other than in systems
that are characterized by a lower coefficient of restitution.
Similar results were reported by Liss and Glasser’® for a
sheared granular flow. In Figure 8, it can be seen that the profile
of the collisional contribution has a transition from a high value
at the walls to a high value in the center when e, is decreased
from 1 to 0.96. This indicates that the distribution of particles
should also have a transition with a decrease in e, because the
value of the collisional pressure is proportional to the solids
fraction. The transition of the kinetic contribution, however, is
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opposite with a decrease in e,. Its maximum value switches
from the center to the walls when e, is decreased from 1 to
0.96. It is clear that large fluctuational velocity is expected to
be seen in the region of high kinetic pressure. Because the
granular temperature is proportional to the mean square of
fluctuational velocity, high kinetic pressure should correspond
to a large granular temperature and a small solids fraction. It is
important to note that the transitions of the collisional pressure
and kinetic pressure occur when e, is decreased from 1 to 0.99.
A further decrease in e, from 0.99 to 0.96 just makes this
transition increasingly more pronounced. Therefore, it is clear
that there is a relation between the sensitivity to e, and the
transition of the solids-phase pressure.

The second parameter examined in this article is gravity (g).
Figure 9 shows the variation of solids fraction amplitude, ¢,
— ¢min» as a function of gravity. The variation of the solids
fraction amplitude with g is gradual and smooth, indicating that
the flow structures are fairly insensitive to changes in this
parameter. To further study the effect of g, the flow profiles of
solids fraction, granular temperature, and gas and solid veloc-
ities are examined for ¢ = 9.81 m/s* and g = 1 m/s?, respec-
tively. When the pressure drop is held constant, the gas and
solid flow rates substantially increase with a decrease in grav-
ity. However, a more appropriate comparison for a fluidized
bed reactor is to keep the residence time or velocity of the gas
a constant to complete reactions appropriately. Therefore, in
the flow profile plots, we keep the average gas-phase velocity
a constant by reducing the pressure drop across the bed as
gravity is decreased. The dimensional equations are used to
analyze the effect of gravity in that the dimensionless model
uses the solid terminal velocity as characteristic velocity and
the solid terminal velocity is related to gravity. In Figure 10,
elastic collisions between particles are assumed, so the “core—
annular” flow structure is obtained. It can be seen that in this
case the flow structures for constant average gas velocity are
insensitive to the different values of gravity. The profiles of
solids fraction and granular temperature are quite similar when
g changes from 9.81 to 1 m/s? except that the particle segre-
gation near the walls is slightly more pronounced when the
gravity is higher. The gas and solid velocity profiles are also
similar as g changes except that the solids velocity in the lower
gravity case is slightly smaller.

The similarity of flow profiles with the variation of g is
related to the compensation between the body force and the

1 6 11
g(m/sz)
Figure 9. Variation of the solids fraction amplitude,

(bmax - (bmim with gravity.
¢=01,¢e, =1
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Figure 10. Effect of gravity on gas-particle channel flow
for a high gas velocity.
u, = 10m/s, e, = 1, ¢ = 0.12. (a) Solids fraction profile; (b)

granular temperature profile; (c) gas velocity profile; (d)
solid velocity profile.

drag force, and the fact that we have kept the average gas-phase
velocity a constant. In a lower gravity system, although the
body force—driving particles downward—is small, the drag
force, which keeps the particles in suspension, is also relatively
small. To better illustrate this relation, the difference between
the magnitude of the drag force and the magnitude of the
gravity force is plotted in Figure 11. It can be seen that the
difference between the drag force and the gravity force changes
only slightly when the gravity changes nearly one order of
magnitude. This result indicates that for a fluidized bed system
with a high gas velocity the effect of changing the gravitational
force can be automatically eliminated by the corresponding
change of the drag force. Therefore, the base states are not
sensitive to the parameter g. From Figure 10, it can be seen that
particles always move upward under both high and low gravity
situations when there is a high gas velocity. However, many
riser flows operate with solids recirculating downward in the
annular region close to the walls while still maintaining a
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Figure 11. Profiles of drag force minus gravity force.
u, = 10mss, e, = 1, ¢ = 0.12.

positive net solids flux. Because the gravity causes the solids to
flow downward, it is interesting to see the effect of the gravity
on this flow regime.

Figure 12 shows that the effect of the gravity becomes

0.4

0.3

0.2
0.1 -

Figure 12. Effect of gravity on gas-particle channel flow
for a low gas velocity.
u, =1 m/s, e, =1, ¢ = 0.22. (a) Solids fraction profile; (b)
granular temperature profile; (c) gas velocity profile; (d)
solids velocity profile.
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across the bed with different gravity.

u, = lmss, e, =1, ¢ = 0.22.

> Cp

significant as the average gas velocity changes from 10 (see
Figure 10) to 1 m/s. When the gravity = 9.81 m/s, the solids
flow downward in the region close to the walls, although the
average solids velocity = 0.16 m/s. When the gravity decreases
to 1 m/s?, the average solids velocity increases to 0.7 m/s and
particles always move upward in the bed. So the particle
annular downflow observed in the high gravity situation is no
longer present. The difference between the magnitude of the
drag force and the magnitude of the gravity force is plotted in
Figure 13. In the center the value of the drag force minus
gravity force is comparable between the high gravity case and
the low gravity case. However, this value decreases rapidly
under the high gravity situation when moving toward the walls,
whereas this value changes only slightly under the low gravity
situation.

Because the drag force plays a key role in the study of the
parameter g, an investigation of the effect of different expres-
sions for the drag force was carried out. Here, another corre-
lation adopted by Wen and Yu,*> Eq. 11, was studied, and the
flow profiles based on different gravity values are shown in
Figure 14. It can be seen that with a high gas velocity, using
Wen and Yu’s* constitutive relation for the drag force the
gas-particle flows are still insensitive to the gravity except that
the granular temperature becomes smaller with an increase in
gravity. In Figures 10 and 14, the calculations for g = 9.81
m/s> were carried out under the same conditions except differ-
ent drag force expressions. A scrutiny of these two figures
indicates that the flow profiles are not sensitive to the expres-
sions of the drag force, which is in agreement with the results
from Yasuna et al.> When the average gas velocity is de-
creased, flow profiles similar to those in Figure 12 are obtained
with Wen and Yu’s constitutive relation for the drag force (not
shown). The above observation could be useful for setting up
fluidized bed reactors in sites with different gravity values,
such as on the Moon and Mars, or centrifugal geometries.
However, we would expect that the growth rate of instabilities
would vary significantly with gravity. So unsteady-state struc-
tures may be rather different.?s

So far we have considered gas-particle flows only in a
narrow system, where the width of the bed is 4 cm. In industry,
the width (or diameter) of gas-fluidized beds is normally much
larger than this. Therefore, it is of practical importance to
extend our calculations to wider systems. The continuation of
solids fraction amplitude, ¢,,.x — Pmin» as a function of the
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dimensionless width D (A/d) is shown in Figure 15. It is clear
that there are two branches in the continuation profile. In the
first branch (A-B), initially the solids fraction amplitude in-
creases with an increase of the bed width, after which the
increase of the solids fraction amplitude slows down and a
plateau curve is observed. As the dimensionless coefficient D
increases to 350, the continuation profile switches to the second
branch, in which the solids fraction amplitude linearly in-
creases with an increase in the bed width. To better investigate
the effect of the bed width on the flow structures, the flow
profiles of solids fraction, granular temperature, and gas and
solid velocities are plotted for points A, B, and C in Figure 15.
For a narrow system, a “core—annular” flow structure is ob-
served, given that elastic particle—particle collisions are as-
sumed. However, with an increase in the bed width, the seg-
regation of particles has a transition from the walls to the
center. In branch A-B the solids fraction increases both at the
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Figure 14. Effect of gravity on gas-particle channel
flows with constant gas velocity, using Wen
and Yu’s correlation*® for the drag coeffi-
cient.
u, = 8.5 m/s, e, = 1, ¢ = 0.12. (a) Solids fraction profile;
(b) granular temperature profile; (c) gas velocity profile; (d)
solid velocity profile.
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walls and at the center with increasing D, and the maximum of
the solids fraction is observed at the walls, although the in-
crease in the solids fraction is faster at the center than at the
walls. When the value of D is >250, the increase in solids
fraction at the walls stops. Thus a plateau curve of solids
fraction amplitude is observed. With continuously increasing
bed width, the maximum of solids fraction has a transition from
the walls to center, and the curve switches to the B—C branch.
The increase in the solids fraction at the center has a linear
relation with an increase in the bed width. The magnitude of
the granular temperature significantly increases with an in-
crease in the bed width as a result of the growth of the gas- and
solid-phase velocities when the gas pressure drop is held con-
stant. It is found that the average gas-phase velocity almost
linearly increases with an increase in the bed width. Scrutiny of
Figures 16c and 16d reveals that in a narrow system the
difference of gas and solid velocities at the center is pro-
nounced, whereas with increasing bed width this difference is
reduced. This is because in Eq. 14 the gas-particle relative
velocity is multiplied by D, leading to a reduction in the
relative velocity with an increase in D.

The next parameter considered is the average solids fraction,
based on the constraint of Eq. 21. The average solids fraction
is changed with a variation of the coefficient C, (in Eq. 21) as
other physical parameters are hold constant. In the present
work, the effect of the average solids fraction is examined by
plotting the continuation profile of the variation of the average
solids fraction with C; because it is not very meaningful to
study the solids fraction amplitude if the average solids fraction
in the system is different. For a narrow system (D = 50),
Figure 17 shows that the continuation of average solids fraction
has three branches with the variations of C,. The upper branch
indicates that the fluidized bed is almost operated in a packed
bed state, whereas the lower branch indicates that the fluidized
bed is operated in a relatively low solids concentration state.
The curve connecting these two branches represents a series of
unstable solutions for the steady state. For a certain range of
C,, three solutions coexist in the system with a same set of
physical parameters, whereas the lower one represents a dilute
state, the upper one represents a packet bed state, and the
middle one denotes an unstable transition state. We find that if
C, is used as a parameter instead of the average solids fraction
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Figure 16. Effects of bed width on gas-particle channel
flow.

¢ = 0.1, ¢, = 1. (a) Solids fraction profile; (b) granular
temperature profile; (c) gas velocity profile; (d) solid veloc-
ity profile (points A, B, and C are given in Figure 15).

in the previous analysis, this “S” curve is a typical continuation
profile for narrow gas-fluidized beds with the physical param-
eters used in the present work. As we track the variations of the
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Figure 17. Variations of average solids fraction with the

coefficient C, in a narrow system.
e, =1,D = 50.
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Figure 18. Variations of average solids fraction with
physical parameters.

e, = 1, D = 50. (a) Effect of the dimensionless coefficient
D (A/d); (b) effect of gravity.

average solids fraction with D and gravity, respectively, similar
continuation curves are obtained (see Figure 18).

When we extend our analysis to a wider system (D = 500),
two continuation branches coexist in the system. In Figure 19,
initially the average solids fraction increases with an increase
in C,. As C, passes through a maximum, the solution branch
starts to turn back and the average solids fraction increases with
a decrease in C,. The continuation stops in the second branch,
and the third branch observed in narrow systems representing
the packet bed states is absent here. To better understand the
variations of flow profiles with C,, three points—A, B, and
C—are selected from Figure 19, and their solids fraction pro-
files are plotted in Figure 20. For a low solids fraction state
(point A), particles are segregated near the walls and a flat
curve is observed at the center. With an increase in average
solids fraction, the particle segregation has a transition from the
walls to the center. As the average solids fraction increases to
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Figure 19. Variations of average solids fraction with the
coefficient C, in a wide system.
e, = 1, D = 500.
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Figure 20. Solids fraction profiles corresponding to

points A, B, and C in Figure 19.
e, = 1,D = 500.

0.12 (point C), the particle concentration at the center is much
higher than that near the walls. Recalling the analysis of the
effect of the variation of the bed width, it seems that an
increase in the bed width or an increase in the average solids
fraction enhances the migration of particles from the walls to
the center. Therefore, as e, is assumed equal to 1, a “core—
annular” flow structure can be observed for a very dilute
system with high bed width, whereas a core segregation of
particles becomes pronounced for a wide system with a mod-
erate solids load, such as when the average solids fraction is
>0.05. Reducing e, just makes the core segregation more
pronounced.

The transition from “core—annular” structure to core segre-
gation structure observed in the narrow system when the value
of e, is reduced from 1 cannot be seen in the wide system. Thus
the sensitivity to e, is reduced as the bed width increases. The
origin of the transitions observed in Figures 16 and 20 arises
from the contribution of gas-particle slip (J,,;,) on the pseudo-
thermal energy transport. By analyzing Eq. 16, it is clear that
the contribution of gas-particle slip increases with an increase
in the solids fraction, and is greatly enhanced with an increase
in the bed width because the dimensionless parameter D is
multiplied by the damping contribution term and D? is multi-
plied by the production contribution term. If the gas-particle
slip term is not considered in the model, particles are always
segregated near the walls when e, = 1 (see Figure 21), and the
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Figure 21. Solids fraction profiles for different average
solids fraction when the contribution of gas-
particle slip term (J,;.) is not considered.

e, = 1, D = 500.
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bed width and the average solids fraction have only a negligible
effect on the transition of particle segregation.

It is useful to examine the sensitivity of these results to
different closures to solids-phase stress. One model we have
examined was proposed by Sela and Goldhirsch,>® who used a
more accurate calculation approach to obtain solid-phase con-
stitutive relations. In this model, the Boltzmann equation was
perturbatively solved, and the constitutive relations were de-
rived by performing a double expansion of the single-particle
distribution in the Knudsen number and the degree of inelas-
ticity. In Lun et al.,?° instead, an ansatz for the form of the
single-particle distribution was used to substitute into the En-
skog equations. We have solved for gas-particle flow in a
channel using the closures of Sela and Goldhirsch.5® The par-
ticle segregation still has a transition from the walls to the
center when e, decreases from 1 to 0.99. Another question that
arises is the effect of using an impact velocity—dependent ¢, to
replace the constant e, used in the present simulation. How-
ever, the closures incorporating an impact velocity—dependent
e, are not easily obtained. To the best of our knowledge, only
Lun et al.%° reported a simple estimation of these terms. In their
approximation, the impact velocity is proportional to the square
of the granular temperature. Because for slightly inelastic sys-
tems only the energy dissipation term in Eq. 5 is sensitive to the
variation of e,,, a modified model is established by changing the
energy dissipation term based on an impact velocity—depen-
dent e, and holding other terms unchanged:

C* = —4T + (w1)"?(3 + 8Texp(4T)erfc(2T"?) (22)

where erfc(x) is the usual complementary error function, ap-
proximated using rational functions,®! and the dimensionless 7'
is equal to C*T and the value of C is about (0.005%) from
experimental measurements. We find that the computed solu-
tions are not sensitive to e, using this modified model, because
the particles always segregate in the center and the “core—
annular” flow structure is not observed.

Because the equations have been nondimensionalized in the
present work, it is interesting to look at the effects of dimen-
sionless numbers. Generally, two dimensionless numbers are
used to classify flow regimes and investigate instabilities in
gas-particle fluidized beds. One has a form of Reynolds num-
ber (Re), which is equal to B*D*E in our model, and the other
is the Froude number (Fr), which is equal to 1/C in the
calculations. It is important to note that here the dimensionless
group Re is evaluated by the particle terminal velocity whereas
the Reynolds number used to classify flow regimes in gas-
fluidized beds is frequently evaluated by the gas-phase veloc-
ity. From Figure 22, it can be seen that the steady-state flows
are not sensitive to Re. The flow profiles have no difference as
Re changes from 2000 to 200 because the viscous term of the
gas phase is relatively small in a high Re situation (see Eq. 13)
and the flow behavior is independent of Re without this term.
With a decrease in Re, the gas viscous term becomes important
in Eq. 13, and gas and particle velocities are decreased. The
influence of the Froude number is more pronounced (see Figure
23). When the average solids fraction and gas pressure drop are
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Figure 22. Effects of Reynolds number on gas-particle

channel flow.

¢ = 0.1. (a) Solids fraction profile; (b) granular temperature
profile; (c) gas velocity profile; (d) solid velocity profile.

held constant, the gas- and particle-phase velocities decrease
with increasing Froude number, leading to a decrease in the
granular temperature. When this dimensionless number is high
enough, the contribution of the viscous terms for both gas and
particle phases can be neglected, and the system can be sim-
plified to a force balance between the gas-particle drag force
and the bed gravity force. Because a higher granular tempera-
ture means a higher particle pressure and particle viscosity,
which can suppress instabilities in gas-particle fluidized beds, a
gas-fluidized bed with a lower Froude number is likely to be
more stable, which is in agreement with the analysis of Wil-
helm and Kwauk.#?

Conclusion

In this article, a laminar continuum model is presented to
describe gas-particle flows in a channel with monodisperse
particles. The steady-state solutions, obtained by a numerical
method based on orthogonal collocation, exhibit a variety of
structures. The effects of physical parameters on the steady-
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Figure 23. Effects of Froude number on gas-particle
channel flow.

¢ = 0.1. (a) Solids fraction profile; (b) granular temperature
profile; (c) gas velocity profile; (d) solid velocity profile.

state flow profiles were examined, using a continuation ap-
proach.

Flow properties are sensitive to the coefficient of particle—
particle restitution when its value is close to 1. The particle
concentration has a transition from segregation near the walls
to segregation at the center when e, decreases from 1 to 0.99.
This sensitivity is reduced when the system becomes more
inelastic. A transition in the profiles of particle-phase pressure
is also observed with a variation of e,,. The kinetic contribution
is small in regions where the collisional contribution is large,
and vice versa. In elastic systems, the kinetic pressure has a
high level at the center and a low level near the walls. As the
system changes from an elastic condition to a slightly inelastic
condition, high kinetic pressure switches from the center to the
walls.

The second parameter we consider in this paper is gravity. It
is found that the continuation diagram corresponding to the
variation of the solids fraction amplitude with g is very smooth
as g changes more than one order of magnitude. When the
pressure drop is held constant, the gas and solid flow rates
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increase considerably with a decrease in gravity. When the
average gas velocity is held constant, the flow profiles are not
sensitive to this parameter when the gas velocity is high, which
is attributed to the automatic compensation of the gas-particle
drag force to the gravitational force. When the gas flow rate is
low, however, particles move downward in the region close to
the walls with high gravity, whereas this downflow is not
observed under a low gravity situation.

In the simulations, it is found that the transition in the solids
fraction profiles is not only dependent on the parameter ¢,,. If e,
is assumed equal to 1, the segregation of particles has the
potential to transit from the walls to the center if the gas-
particle system changes from a narrow fluidized bed to a wide
fluidized bed, or from a dilute fluidized bed to a dense fluidized
bed. This transition is explained by the contribution of gas-
particle slip on the pseudothermal energy transport. If this term
is eliminated, a “core—annular” flow structure is observed as
long as the collisions between particles are elastic. In a narrow
system, the continuation shows an “S” form bifurcation dia-
gram when we track the variation of the average solids fraction
with a certain parameter. However, when we extend our study
to wider systems, the upper branch observed in narrow systems
representing the packet bed state is absent. Therefore, the
continuation diagram has a “U” form. The gas-phase velocity,
solid-phase velocity, and pseudothermal temperature greatly
increase with increasing bed width.

The effect of two dimensionless numbers has been also
studied in the present work. It is found that the flow behavior
is not sensitive to the variation of the (terminal velocity based)
Reynolds number when this number is high because, under this
situation, the contribution of the gas viscous term on the
gas-phase momentum balance can be neglected. The effect of
the Froude number is more pronounced in our physical situa-
tion. The granular temperature is decreased with an increase in
the Froude number, as well as the gas and particle velocities.

A goal of work in this area is a full bifurcation and stability
analysis (of steady-state and time-dependent solutions) and the
results presented in this paper represent a first step in this
regard. A linear stability analysis of the steady-state solutions
is currently being carried out.
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Notation

d = particle diameter
coefficient of particle—particle restitution
coefficient of particle-wall restitution

o
([l

[ = drag force
Fr = Froude number
g = specific gravity force
g, = radial distribution function
J..u = dissipation of fluctuational energy through inelastic collisions
J,is = viscous damping and production of fluctuational energy by
gas-particle slip
P, = gas-phase pressure
P, = solid-phase pressure
g = fluctuational energy flux
Q; = gas volume flow rate
Q, = solids volume flow rate

Re = Reynolds number
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T = granular temperature
u = gas velocity
v = solid velocity
v, = solid terminal velocity
x, y = vertical and horizontal directions

Greek letters

B = drag coefficient
2A = bed width

¢ = solids volume fraction
Pmax = maximum solids volume fraction
¢’ = wall specularity coefficient

A = pseudothermal conductivity
= solid-phase viscosity

= bulk viscosity for particles

Mg Moo = pure and effective gas viscosity
pe = gas density
ps = solid density
oy = gas-phase effective stress tensor
o, = solid-phase effective stress tensor
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