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( ) (Computational fluid dynamics CFD for fluidization is reaching maturity Roco,
)1998 . It has become common practice to compare time-a®eraged solid ®elocities and

concentrations to measurements of fluxes and densities. The dynamic beha®ior of the
riser, howe®er, has not been pre®iously compared to experiments. This article shows that
the dynamics of solids flow in the riser is in the form of clusters, but the time-a®eraged
particle concentrations and fluxes gi®e us the core-annular flow regime in agreement
with measurements. The computed clusters, which are essentially compressible gra®ity
wa®es, produce major frequencies of density oscillations in agreement with measure-
ments. The model and the CFD code compute granular temperature distributions,
agreeing qualitati®ely with data. For ®olume fraction around 3 ] 4%, which is the a®er-
age particle concentration in the riser, the computed ®iscosity agrees with our experimen-
tal measurements.

Introduction
Ž .Fluid catalytic cracking FCC is a trillion dollar worldwide

Žindustrial operation that converts heavy hydrocarbons petro-
.leum to lower molecular-weight products, such as gasoline

Ž .Avidan, 1997; Squires et al., 1985 .The development of very
active catalysts allowed the cracking to be completed in

Ž .short-contact-time riser vertical-pipe reactors. Hence the
older bubbling-bed reactors were replaced with risers. How-
ever, it was only a decade ago that the oil industry using

Ž .gamma-ray techniques Sun and Koves, 1998 learned that
their large-diameter risers operate in the core-annular flow
regime: the core is very dilute. The core-annular structure

Ž .leads to two main problems: 1 inefficient gas]solids con-
Ž .tact, and 2 back mixing due to nonuniform radial distribu-

Ž .tions Jin et al., 1997 . Figure 12 in the article by Therdthian-
Ž .wong and Gidaspow 1994 shows that the absorption of sul-

fur dioxide by 210-mm calcined dolomite particles in a riser is
much smaller in the dilute core compared to the absorption
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in the dense core. This unfavorable radial volume fraction
distribution of solids in the riser has led to consideration of
new schemes of contacting for a refinery of the twenty-first
century.

In response to the U.S. Chemical Industry Technology Vi-
sion 2020 report, an industry-led Department of Energy, Of-
fice of Industrial Technology multiphase fluid-dynamcis re-

Ž .search consortium was formed Thompson, 1999 . It consists
of six national laboratories and five universities and Ameri-
can chemical companies that support the universities. Its mis-
sion is to develop advanced experimental and computational
fluid dynamics tools for gas]solid systems. Riser hydrody-

Ž .namics was reviewed by Jackson 1993 and by Gidaspow
Ž . Ž .1994 . Crowe et al. 1998 reviewed the more dilute flows.
The early hydrodynamic models were developed by Davidson
Ž . Ž . Ž .1961 , Jackson 1963 , and Soo 1967 .

The multiphase gas]solid flow in a riser of a circulating
Ž .fluidized bed CFB has been studied both theoretically and

experimentally, by numerous research groups. Several experi-
mental studies have been performed to understand the global
flow pattern along the riser of a CFB. Capes and Nakamura
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Ž . Ž . Ž .1973 , Weinstein et al. 1986 , Geldart and Rhodes 1986 ,
Ž . Ž .Bader et al. 1988 , Miller and Gidaspow 1992 , Martin et al.

Ž . Ž .1992 , and Samuelsberg and Hjertager 1996a showed a
nonhomogeneous distribution of particles along the radial and
axial coordinates of the riser. Core-annular flow and cluster
formation were found and related to different operating con-
ditions such as mass flux, superficial velocity, and particle di-
ameter.

The hydrodynamics of CFBs has also been investigated by
using different modeling approaches. Arastoopour and Gi-

Ž .daspow 1979a,b established four different two-phase flow
models for the description of one-dimensional steady-state

Ž .pneumatic conveying systems. Rhodes and Geldart 1986
used a semiempirical model based on entrainment and ex-
pansion bed correlations to predict axial and radial nonho-
mogeneous distribution of particles in a CFB. Tsuo and Gi-

Ž .daspow 1990 were the first to simulate cluster formation
and predict the core-annular flow of particles by using a two-
dimensional transient two-phase flow model, based on a fi-
nite difference technique, with a viscosity as an input. Aras-

Ž .toopour et al. 1990 similarly developed a steady-state two-
dimensional gas]solid flow model using the method of lines.

Ž .In both cases, including the studies of Kuipers et al. 1992 ,
Ž . Ž .Lyczkowsky et al. 1993 , and Benyahia et al. 1998a viscosity

values based on experimental measurements were used to
model the viscous effects of the solid phase.

In recent years, one step forward in the understanding of
gas]solid systems has been taken by the development of ki-
netic theory for two-phase flows based on the theory for
nonuniform dense gases described in Chapman and Cowling
Ž . Ž .1970 . The pioneering paper of Lun et al. 1984 applied the

Ž .kinetic theory to granular flows. Gidaspow 1994 has re-
Ž .viewed this theory. Sinclair and Jackson 1989 first applied

the granular flow model to a fully developed gas]solid flow
Ž .in a pipe. Ding and Gidaspow 1990 }starting with the

Boltzmann integral-differential equation and assuming a
Maxwellian frequency distribution for the particle velocity}
derived expressions for solid viscosity and pressure of a dense

Ž .gas]solid flow. Gidaspow 1994 extended the Ding and Gi-
Ž .daspow 1990 formulation to both dilute and dense cases by

considering a non-Maxwellian velocity distribution. Such a
formulation, in addition to the CFBs, has been applied to the

Ž .analysis of liquid]solid flows Gidaspow et al., 1991 and to
Ž .full-scale CFB loops Gidaspow et al., 1992 .

The kinetic theory of gas]particle flow recently has been
Žverified by laboratory measurements Gidaspow and Huilin,

.1996, 1998 . Measurements of granular temperature and solid
pressure allowed the determination of particle viscosity for
FCC particles. Particular kinematic viscosity was obtained as
the product of the mean free path between collisions and the
random oscillating particle velocity. Such an estimate agrees
well with independent estimates for FCC particles obtained
by using pressure-droprshear data and a Brookfield viscome-
ter. Measurements also show that a relation exists between
pressure, temperature, and solid fraction analogous to the

Ž . Žideal gas law, that is, solid pressure r granular temperature
.=bulk density s1.0.

In the present study, the kinetic-theory approach has been
applied to the study of a gas]particle flow of FCC particles
in the riser of a CFB. The flow pattern has been investigated
by a transient two-dimensional two-phase flow model. The

Figure 1. Circulating fluidized bed at IIT.
Ž .Modified from Miller and Gidaspow 1992 .

model was used to reproduce two-phase flow experiments
Ž .performed at Illinois Institute of Technology IIT by Miller

Ž .and Gidaspow 1992 . Such experiments have already been
Žthe subject of several investigations Arastoopour and Sue-

Kim, 1994; Cao and Ahmadi, 1995; Samuelsberg and
.Hjertager, 1996a,b; Hjertager et al., 1998 and, in some cases,

a good agreement between prediction and data was obtained.
The purpose of this study is to extend the comparisons be-
tween model prediction and data to recently measured vari-
ables such as granular temperature, solid pressure and viscos-
ity, and oscillation frequency. Emphasis here is placed partic-
ularly on the effect of the adopted coordinate systems in the
computer simulation, inlet geometry, cohesive forces, wall
restitution coefficient, as well as on the analysis of the oscil-
lations characterizing the riser dynamics.

Simulation results are able to describe the main features of
the gas]solid flow patterns in the riser, such as the core-
annular flow regime and the strongly transient behavior of
the flow. Agreement between predicted and experimental
data are reasonably good and allow us to increase our confi-
dence in the adopted theory and computer code. The experi-
mental setup, governing equations, numerical method, and
simulation results are presented in the following sections.

Overview of the Experimental Setup
Figure 1 shows the CFB unit at IIT. Air and particles enter

the CFB through the bottom U-tube whose diameter is
smaller than that of the riser. Its inner diameter is 5.2 cm.
The particle feed rate is controlled by a slide valve. The riser
is 7.5 cm in ID and 6.58 m long, and particle size distribution

Ž .has an average of 75 mm in diameter Miller, 1991 . The out-
flow stream enters a primary cyclon where the gas]particle
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Figure 2. Solid velocity profile for the vertical transport
of 75- mm particles along the riser of a CFB.

Ž .Modified from Miller and Gidaspow 1992 .

separation process mainly occurs. Additional separation is
performed in the secondary cyclon. Particles are recycled to a
storage PVC hopper.

Several measurements were performed by Miller and Gi-
Ž .daspow 1992 at different points and sections of the riser,

pointing out large nonuniformities in mass flux, velocity, and
solid volumetric fraction. Time-averaged radial solid-volume
fractions were obtained with an X-ray densitometer. Fluxes
were determined by an extraction probe, whereas solid veloc-
ity was computed indirectly from flux and volumetric fraction
data. Experiments were carried out with various gas]particle
loading ratios and superficial velocities in order to study the
effect of different operating conditions on the two-phase flow
hydrodynamics. Figure 2 illustrates the time-averaged vertical
solid-velocity profile vs. the radial coordinate of the riser as
given by the measurements. The core-annulus flow consists

Ž .of a low-density central region core , in which particles are
Žcarried up by the gas, and a high-density annular region an-

.nulus where particles descend along the wall. The core is
thinner at the bottom of the riser where we have a high
downflow and recycling of particles. Along the riser particles
move mainly from the core to the wall where they accumu-

Ž .late and descend. We refer to Miller and Gidaspow 1992
for a more complete description of the system and dynamics.
However, it is important to highlight that the flow is strongly
transient and oscillates with a characteristic frequency. Gi-

Ž .daspow et al. 1995 studied the dynamics of the flow by mea-
suring density oscillations in the developed regions and in the
entrance regions of the riser for operating conditions similar

Ž .to those adopted by Miller and Gidaspow 1992 .

Kinetic-Theory-Based Flow Model
The model adopted is based on the fundamental concept

of interpenetrating continua for multiphase mixtures. Ac-
cording to this theory different phases can be present at the
same time in the same computational volume. Such an idea is
made possible by the introduction of a new dependent vari-
able, the volume fraction, e , of each phase i. The fundamen-i

tal equations of mass, momentum, and energy conservation
are then solved for each considered phase. Appropriate con-
stitutive equations have to be specified in order to describe
the physical and rheological properties of each phase and to
close the conservation equations. In this model, solid vis-
cosity and pressure are derived by considering the random
fluctuation of solid velocity and its variations due to
particle]particle collisions and the actual flow field. Such a
random kinetic energy, or granular temperature, can be pre-
dicted by solving, in addition to the mass and momentum
equations, a fluctuating kinetic energy equation for the parti-
cles. The solid viscosity and pressure can then be computed
as a function of granular temperature at any time and posi-
tion. Particles are considered smooth, spherical, inelastic, and
undergoing binary collisions. The adoption of the second ap-
proximation distribution function allows us to apply the the-
ory to both dense and dilute two-phase flows. Finally, gas-
pressure gradients do not appear in the solid equation, ac-

Ž .cording to model B of Gidaspow 1994 . A more complete
discussion of the implemented kinetic theory model and the
derivation of the solid rheological properties can be found in

Ž . Ž .Gidaspow 1994 and Neri 1998 . In the following subsec-
tions, governing equations, boundary, and initial conditions,
as well as the numerical procedure, are described.

Go©erning equations
Continuity Equations

­
e r q=? e r © s0 1Ž . Ž . Ž .g g g g g­ t

­
e r q=? e r © s0. 2Ž . Ž . Ž .s s s s s­ t

Momentum Equations

­
e r © q=? e r © ©Ž . Ž .g g g g g g g­ t

sy=P q=T q r g q b © y© 3Ž . Ž .g g g s g

­
e r © q=? e r © ©Ž . Ž .s s s s s s s­ t

s= T qe r y r g y b © y© 4Ž . Ž . Ž .s s s g s g

Fluctuating Energy Equation for the Solid

3 ­
e r Qq=? e r © Q sT :=© q=?k =Qyg . 5Ž .Ž .s s s s s s s2 ­ t

Constituti®e Equations. The equation of state of the gas
was assumed to be the ideal gas law:

˜P s r RT , 6Ž .g g g

whereas the solid phase was considered incompressible.
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The gas phase was modeled as a compressible Newtonian
fluid, and no turbulence viscosity model was used. The stress
tensor can be represented as

T s2e m t , 7Ž .g g g g

with

1 1T
t s =© q =v y =? © I 8Ž .Ž . Ž .g g g g2 3

The solid stress tensor, T , can be expressed in terms of thes
solid pressure, P , bulk solid viscosity, j , and shear solid vis-s s
cosities, m , ass

T s y P qj =? © Iq2m t , 9Ž .Ž .s s s s s s

with

1 1T
t s = © q =© y =? © I . 10Ž .Ž . Ž .s s s s2 3

These solid properties can be determined as a function of
granular temperature according to the following relations:

P se r Q 1q2 1q e g e 11w xŽ . Ž .s s s 0 s

1r24 Q
2j s e r d 1q e g 12Ž . Ž .s s s s 0 ž /3 p

22m 4s,dil
m s 1q 1q e g eŽ .s 0 s1q e g 5Ž . 0

1r24 Q
2q e r d 1q e g , 13Ž . Ž .s s s 0 ž /5 p

where m is the dilute solid viscosity and g is the radial-s,dil 0
distribution function expressing the statistics of the spatial
arrangement of particles. In this study the following expres-
sions were adopted:

'5 p
1r2m s r d Q 14Ž .s,dil s s96

y11r3es
g s 1y 15Ž .0 ž /es,max

Ž .Recently, Gidaspow and Huilin 1998 showed that this form
of the radial distribution function agrees with experimental
data for FCC particles. Furthermore, in order to solve the
fluctuating energy equation, we need to specify the conduc-
tivity of the particle fluctuating energy, k , and the collisional
rate of energy dissipation per unit volume, g :

22k 6dil
k s 1q 1q e g eŽ . 0 s1q e g 5Ž . 0

1r2Q
2q2e r d 1q e g , 16Ž . Ž .s s s 0 ž /p

with

'75 p
1r2k s r d Q , 17Ž .dil s s384

1r24 Q
2 2g s3 1y e e r g Q y=? © . 18Ž . Ž .s s 0 sž /d ps

It should be noted that, in the kinetic energy balance adopted,
the effect of energy production due to gas turbulence has
been balanced by the energy dissipation term representative
of the fluid drag. Such an assumption appears reasonable in

Ž .the light of the results obtained by Ahmadi and Ma 1990
Ž .and Cao and Ahmadi 1995 , who derived and solved a ki-

netic-energy equation for the gas phase for steady developed
flow. Here we thus assume that the gas oscillates the same as
the particles. Hence we do not need the fluctuating energy
equation for the gas.

Finally, we need to specify the gas]solid drag coefficient
Ž .for different solid concentrations Gidaspow, 1994 .

For e G0.8:g

< <e r © y©3 s g g s y2.65b s C e , 19Ž .d g4 ds

where the drag coefficient C is given byd

24
0.687C s 1q0.15Re ; Re -1,000Ž .d s sRe 20Ž .s

s0.44; Re G1,000s

< <e r d © y©g g s g s
Re s . 21Ž .s mg

For e -0.8,g

2 < <e m r e © y©s g g s g s
b s150 q1.75 . 22Ž .2 2 d ee d s gg p

Initial and boundary conditions
The definition of appropriate initial and boundary condi-

tions is critical for the carrying out of a realistic simulation.
As far as inlet conditions are concerned, several different flow
conditions were implemented and used in the simulations.
Some of them assume uniform plug-flow velocity and solid
concentration profile on the entire base area of the riser.
Some others assume a uniform or a trapezoidal profile only

Ž .on the circular area of the inner tube see Figure 1 . The
latter conditions are actually closer to the real inlet feeding
conditions, while the former are a poor approximation. In the
following, the effect of two different inlet conditions, with
feeding through an inner circular area at the riser base, will
be illustrated. Solid velocity, volume fraction, and granular

Žtemperatures at the inlet of the riser were measured Gidas-
.pow et al., 1997 .

As far as the outlet flow conditions are concerned, the sys-
tem geometry has been changed since there are no practical
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outlet conditions. An attempt to model the horizontal section
showed that it requires several months of computer time. As
a consequence, the smooth bend at the top of the riser has
been modeled as a 908 bend. Different locations and sizes of
the outlet cell produced appreciable effects, mainly in the
upper part of the riser, but were unable to change the global
pattern of the flow illustrated in the following sections. Fur-
thermore, a free-outflow condition was assumed at the outlet
cell.

Particularly important is also the specification of appropri-
ate boundary conditions at the walls. For the gas a no-slip
boundary condition was used. For the solid we used the

Ž .Johnson and Jackson 1987 slip boundary condition given by
their Eq. 2.10 with zero friction, as shown below:

­ us,w
u sy A , 23Ž .s,w ­ n

where the slip coefficient A is expressed in terms of a specu-
larity coefficient F, as

6m es s,max
As . 24Ž .' '3 p Fr e g Qs s 0

Ž .Hui et al. 1984 derived a primitive form of this balance us-
ing intuitive arguments. The specularity coefficient is the
fraction of total momentum transferred to the wall when par-
ticle collides with it and it represents a measure of wall
roughness.

For the granular temperature wall boundary condition the
Ž .Johnson and Jackson 1987 Eq. 2.13 was used. It is obtained

by equating the granular flux to collisional dissipation at the
wall with a correction for slip, as given below:

­ Qw
Q sy B q B 25Ž .w 1 2­ n

2 3r2'3 p Fr e u g Qk Q s s s,slip 0
B s ; B s . 26Ž .1 2g 6e gw s,max w

The dissipation is expressed in terms of a wall restitution co-
efficient that was measured under dilute conditions by Gi-

Ž .daspow and Huilin 1998 , as given below:

2 3r2'3 p 1y e e r g QŽ .w s s 0
g s . 27Ž .w 4es,max

In order to assess the effect of boundary conditions at the
wall, two cases with a different restitution coefficient of the
wall also have been investigated and will be described in the
next subsection. Finally, due to the low value and uncertainty
associated with the specularity coefficient, F, a slip condition
for the solid at the wall was a good approximation and has
been adopted in the presented simulations. When a symmet-
rical condition is imposed at the riser axis or middle plane, a
zero gradient condition for all variables was used along the
axis.

As an initial condition, we assumed an empty riser at a
uniform pressure. As a consequence, during the first 20 s, the

Figure 3. Computational domain and coordinate sys-
tems adopted in the simulations.

riser becomes denser and denser until quasi-steady-state con-
ditions are reached for the time-averaged outlet flux. Time-
averaged distributions of flow variables are computed start-
ing from this time and typically cover a period of 20]50 s.

Coordinate systems and solution procedure
The solution of the preceding conservation equations de-

pends on the boundary and initial conditions adopted, as well
as on the coordinate system. Figure 3 illustrates the two-
dimensional computational domain and coordinate systems

Ž .used in the simulations. Both two-dimensional Cartesian x, y
Ž .and cylindrical r, z coordinates have been applied for the

description of the riser. With Cartesian coordinates, simula-
tions have been performed assuming both symmetry and no
symmetry conditions with respect to the axis of the riser. With
symmetry only one half of the riser has been described. Uni-
form and nonuniform grids of different sizes were also used
Ž .Neri, 1998 . It the following pages, results that pertain to
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Table 1. System Geometry, Physical Properties, and 
Operating Conditions Employed in Simulation CFB-1. 

Properfy/Parameter Value 
L (m) 6.58 
D (m) 0.075 
D (m) 0.0525 

75 d, ( r m )  
ps (kg/m') 1654 
e 0.999 
e w  0.96 

0.03 HI", (m) 

pg (Pass) 1 . 8 ~ 1 0 - 5  
%.in 0.005 
0, (m/d2 0.6 
P in (kPa) 118.6 

(kg/m2.s) 20.4 
Ue.in (m/s) 2.61 

just one optimal grid will be presented. Such an optimal grid 
was shown to properly represent the flow hydrodynamics and, 
at the same time, to optimize computer time. For this grid 
cell sizes are uniform in both coordinate systems and are 
equal to 0.375 cm in the r/x direction and 4.84 cm in the y / .  
direction. Only the size of the upper cell row has been varied 
to accommodate the size of the outlet cell, H,,,. 

The solution of the hydrodynamic equations was obtained 
by their discretization on a computational grid and by the 

adoption of a finite difference Eulerian method, known as 
the implicit multifield (IMF) method (Harlow and Amsden, 
1975). The IMF method was demonstrated to be useful in the 
description of a wide variety of multiphase problems 
(Gidaspow, 1994). According to this method the various 
phases are treated as interpenetrating continua, and the con- 
tinuum differential equations are solved for each phase. 
Scalar quantities are computed at the cell center, whereas 
velocity components are computed on a staggered grid coin- 
ciding with the cell boundaries. A donor-cell method was 
adopted. Numerical solution is reached by an iterative algo- 
rithm for pressure. The solution method treats the pressure 
and drag terms implicitly, whereas convective, viscous, and 
gravitational terms are considered explicitly in the momen- 
tum equations. Because of the non-fully implicit time differ- 
encing, the Courant stability criterion limits the time step size 
in each computational cycle. Available computer resources 
also impose a limitation on the number of cells, and there- 
fore on cell size. Very small cells provide more accurate re- 
sults but demand a large number of cells and very small time 
steps, which, in turn, require very long computing times. In 
the present study, different grid sizes, time steps, mass resid- 
uals, and convergence parameters were employed. The com- 
puter code developed derives from Los Alamos K-FIX code 
(Rivard and Torrey, 1977) and has been improved by the ad- 
dition of several features such as the just described kinetic- 
theory equations (Gidaspow, 1994). The code is also similar 

Figure 4. Distribution of solid volumetric fraction for Simulation CFB-1 at 46,48, and 50 s. 
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to the M-FIX code developed at Morgantown Energy Tech-
Ž .nology Center Syamlal et al., 1993 .

Simulation Results
Several simulations have been performed in order to inves-

tigate the effect of different operating conditions, model as-
sumptions, and to get an adequate description of the ob-
served two-phase flow pattern in the riser of the CFB. Most
of the results reported below pertain to the same operating
conditions, but similar considerations can be done for the
other cases performed. Some simulations, in particular, have
been performed by using both Cartesian and cylindrical coor-
dinates in order to assess the effect of such hypotheses. In
the following paragraphs, results pertaining to Cartesian co-
ordinates, with and without symmetry with respect to the axis
of the riser, will be presented. When symmetry is imposed as
a left boundary condition, similar results also are obtained
with cylindrical coordinates. All simulations are continued for
50 s of real simulation time. Time-averaged distribution of
variables is then computed considering the last 30 s of simu-
lation. In the following subsections, simulation results are
presented and compared to the measurements by Miller and

Ž . Ž .Gidaspow 1992 , Gidaspow et al. 1995 , and Gidaspow and
Ž .Huilin 1996, 1998 .

( )Reference simulation Simulation CFB-1
Table 1 summarizes the system geometry, physical proper-

ties, and operating conditions employed in Simulation CFB-1.
Inlet flow is considered through a circular area of diameter

Ž .D and assumes a uniform velocity profile plug flow for thef
gas and solid particles. Due to such an inlet geometry, the
feed solid flux has been corrected by the ratio between the
circular areas of the two cross-sections. Inlet solid volumetric
fraction, granular temperature, and solid velocity have been

Ž .measured directly Gidaspow et al., 1997 . The outlet geome-
try is represented by a single 3.0 cm cell located on the right-
hand-side wall at the top of the riser. A constant restitution
coefficient of 0.999 has been assumed for particle]particle
collisions, whereas a value of 0.96 has been used between
particles and the plastic wall according to the measured value

Ž .in the dilute regime Gidaspow and Huilin, 1998 .
The simulation was performed adopting Cartesian coordi-

nates and modeling the entire riser. Due to this approxima-
tion, we performed different simulations, keeping either the
solid flux in the feed section or the solid flux inside the riser
constant. The two recalculated fluxes differ by about 30%. In
the following, results obtained keeping constant the solid flux
in the feed section are presented even though similar results
are obtained for the other case. The main difference is that

Figure 5. Solid velocity field for Simulation CFB-1 at 46, 48, and 50 s.
The inlet velocity is about 5 mrs, and the maximum velocity at 48 s is about 10 mrs.
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Figure 6. Time-averaged distribution of (a) solid velocity (inlet velocity is 5 m/s) and (b) solid volumetric fraction for 
Simulation CFB-1. 

in the high-flux case core-annular flow-regime conditions are 
reached in a shorter time. 

After an initial period of about 20 s, during which the sys- 
tem becomes denser and denser, the flow hydrodynamics 
along the riser reaches a regime characterized by a strong 
nonstationarity. The behavior of the flow is characterized by 
a periodic formation of particle clusters at the wall. Such 
dense portions of solid undergo a vigorous up and down mo- 
tion, thus favoring a strong particle recirculation all over the 
riser. Such behavior is clearly described in Figures 4 and 5,  
where the solid volumetric fraction and velocity field are re- 
ported, respectively. Distributions refer to three different 
times-46, 48, and 50 s-from the beginning of the simula- 
tion. The strong nonhomogeneities of the flow density as well 
as the complex and transient velocity field are evident. It 

AIChE Journal January 2000 

should be noted how downflow conditions at one wall are 
mostly associated with an upflow condition at the other wall, 
but more complex combinations are possible, too. In particu- 
lar, upward or downward velocities up to 10 m/s are reported 
at some instants (see 48 s in Figure 5). Upflow and downflow 
are not necessarily associated with the low and high density 
of the flow, respectively, but different situations can occur as 
well. A characteristic feature of the flow, as better described 
below, is the oscillating motion of solid clusters from one wall 
to the other through the center line of the riser. 

In order to compare simulation results with Miller and Gi- 
daspow’s (1992) data, time-averaged distributions of flow 
variables have been computed. Figure 6 shows the time-aver- 
aged distribution of solid velocity field (Figure 6a), and solid 
volumetric fraction (Figure 6b), over the time period 20-50 s. 
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( )Figure 7. Time-averaged distribution of a granular
( )2 ( )temperature mrrrrrs , and b solid viscosity

( )Pa ?s for Simulation CFB-1.

The two distributions clearly illustrate the core-annular pat-
tern of the flow. The solid mainly accumulates and moves
downward at the wall, whereas a dilute gas]solid stream flows
upward in the core of the riser. The lower region of the riser
is denser than the upper-dilute region even though the solid
mainly accumulates at the walls in both regions. In detail, the
highest values of solid volumetric fraction are equal to about
0.25 and are observed at about 2.5 m from the riser bottom.
In such a portion of the riser, the strong upward and down-
ward motion of the clusters is particularly effective in causing
them to stay in this region. It is also interesting to observe
how the time-averaged distribution of the flow pattern is al-
most axisymmetric with respect to the riser axis despite the
unsymmetric configuration of the outlet geometry. In the
lower portion of the riser, only a slightly larger downflow is
observed at the lefthand-side wall, whereas, in the upper part,
maximum downflow is observed just below the outlet cell.

The time-averaged distributions of granular temperature
and solid viscosity are reported in Figure 7. Figure 7a shows
that the central dilute region of the riser is characterized by
higher values of granular temperature with respect to the
dense wall region. Maximum values are reached in the cen-
tral upper region of the riser where the flow is more dilute

and shear effects seem to be greater. As discussed below,
such behavior can be easily argued from the kinetic-theory
equations given earlier, and appears to be consistent with ex-

Žperimental observations Gidaspow, 1994; Gidaspow and
.Huilin, 1996 . Figure 7b shows the solid shear viscosity distri-

bution. As observed for granular temperature, large values
are reported in the core region, even though the whole distri-
bution seems quite uniform.

A more direct comparison between simulation results and
experimental data was obtained by plotting the radial profile
of some measured variables. Three sections, at 1.86, 4.18, and
5.52 m above the flow distributor, have been investigated.
Figure 8 shows comparisons between experimental and pre-
dicted solid volume fraction, solid axial velocity, and solid flux
across these three sections. Predicted profiles refer again to
time-averaged values over the period 20]50 s. As we can see
from the diagrams, the model is able to describe quantita-
tively the accumulation of solid at the wall for all of the three
sections. Core solid concentrations also appear fairly similar
at the riser axis, even though data show a profile that is quite
a bit flatter. As regards the axial solid velocity, the compari-
son is less satisfactory overall. At the lower section, maximum
velocity is predicted with good approximation, whereas the
downflow is underestimated along both walls. As far as the
middle and upper sections are concerned, the situation is re-
versed, with a good agreement on the downflow velocity, but
with a relevant underestimation of about 2 mrs of the core
upward velocity. It should be noted, however, that the under-
estimation of the solid velocity is partially compensated for
by the overestimation of the solid fraction, resulting in a good
agreement between data and predictions of the solid fluxes.

Figure 9 shows the time-averaged radial profiles of the
granular temperature, solid viscosity, and solid pressure as
computed by the kinetic theory model, across the three sec-
tions reported earlier. As we can see from the reported pro-
files, the core region appears characterized by granular tem-
peratures and, to a less extent, viscosities greater than those
observed in the dense annular region. It is also interesting to
note the almost uniform radial distribution of solid pressure
across the riser. For all these variables experimental radial
profiles are not available and a comparison can only be made
at a distance of about 0.5]1 cm from the wall. A reasonable
agreement between predicted values and data can be ob-

Ž .served for granular temperature Gidaspow and Huilin, 1996 .
Ž .2Values between 1.5 and 2.0 mrs , in particular, have been

measured at about 1 cm from the wall and in the dilute por-
Žtion of the riser for similar operating conditions Gidaspow

.and Huilin, 1996, 1998 . As regards the solid viscosity, the
value of about 0.01 Pa ? s obtained by Miller and Gidaspow
Ž .1992 also appears to be in good agreement with the pre-
dicted value of 0.005]0.008 Pa ? s. Furthermore, the existence
of a flow region in which the viscosity does not vary very much
with changes in radial position, is confirmed by the model
results. Finally, solid pressures of about 100 Pa were mea-
sured for operating conditions similar to the ones employed

Ž .in the simulation Gidaspow and Huilin, 1998 .
A further comparison between predicted results and ob-

served data is reported in Figures 10 and 11. Figure 10 shows
the behavior of granular temperature in any cell of the riser,
as a function of solid volume fraction, at 48 s. The box in-
cluded illustrates the same dependence as results from previ-
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Figure 8. Radial profiles of computed and experimental
( ) ( )a particle volumetric fraction, b particle

( )vertical velocity, and c solid flux at 1.86 m
( ) (solid line and circles , 4.18 m short-dashed

) (line and squares , and 5.52 m long-dashed
)line and diamonds above the flow distributor

for Simulation CFB-1.
Curves refer to model prediction, symbols to data.

ous experimental work. Similar plots can be computed at dif-
ferent times, but are not reported here for the sake of brevity
Ž .Neri, 1998 . The diagram clearly shows that the relation be-
tween granular temperature and solid volume fraction is not

univocal and that it actually depends on Eq. 5. However, as
emerges from the comparison with the box included, the dia-
gram presents some interesting features that confirm the ex-
perimental evidence. First, the granular temperature exhibits
a maximum near a solid volume fraction of about 0.03]0.1. A
similar maximum is expected at a solid volume fraction of

( )Figure 9. Radial profiles of computed a granular tem-
( ) ( )perature, b solid viscosity, and c solid

( ) (pressure at 1.86 solid line , 4.18 short-
) ( )dashed line , and 5.52 m long-dashed line

for Simulation CFB-1.
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Figure 10. Granular temperature as a function of solid
volume fraction at 48 s in any cell of the
computational domain for Simulation CFB-1.
The box shows experimental or theoretical granular tem-

Ž .perature values. From Gidaspow and Huilin, 1998.

Žabout 0.05]0.1 based on measurements at the wall Gidas-
.pow and Huilin, 1998 . Moreover, granular temperature tends

to decrease with the increase in solid volume fraction. Fi-
nally, the granular temperature appears to decrease for solid
volume concentration decreasing to zero. This behavior is

Ž .even clearer at different time instants reported in Neri 1998 .
Such a dependence in the dilute limit was recently proved by

Ž .Gidaspow and Huilin 1998 . A similar behavior of the granu-
lar temperature vs. solid fraction is also described by Benyahia

Ž .et al. 1998b in the simulation of the PSRI Challenge Prob-
Ž .lem Knowlton, 1995 .

Figure 11 similarly investigates the dependence of the solid
viscosity on the solid volume fraction. A comparison is made
between values computed all over the riser and an empirical

Figure 11. Solid viscosity as a function of solid volume
fraction at 48 s in any cell of the computa-
tional domain for Simulation CFB-1.
The curve represents the experimental correlation re-

Ž .ported by Gidaspow et al. 1997 .

Figure 12. Power spectrum of computed porosity at 0
( ) ( )solid line , 1.86 short-dashed line , and 4.18

( )m long-dashed line above the riser inlet on
the righthand side wall for Simulation CFB-1.
The box illustrates power spectrum density diagrams of
porosity oscillations with similar operating conditions
Ž .Gidaspow et al., 1995 .

Žcorrelation obtained from data at the wall Gidaspow et al.,
.1997 . Again in this case, the relation between the two vari-

ables is not univocal and points appear quite dispersed. How-
ever, the two sets of data compare reasonably well at solid
volume fraction below 0.05, whereas above this value a good
agreement is observed only for some cells along the wall
where clusters move faster. However, both experimental and
theoretical estimates exhibit the same trend as a function of
solid concentration.

Another comparison between simulation results and exper-
imental data has been carried out regarding the analysis of
the flow frequencies. Figure 12 shows the power spectrum of
porosity oscillations computed at three points located at 0,
1.86, and 4.18 m from the bottom of the riser along the right-
hand-side wall. The diagram highlights a major frequency at
about 0.2 Hz and a smaller peak at 0.4 Hz. Such estimates
are in good agreement with the power-spectrum diagrams
shown in the box and measured at similar locations and with

Ž .similar operating conditions Gidaspow et al., 1995 . Similar
Ž .estimates also have been reported by Huilin et al. 1997 for

pressure oscillations of dense-phase flows of FCC particles.

( )Axisymmetric representation Simulation CFB-2
This simulation investigates the effect of imposing a sym-

metric boundary condition along the riser axis. The simula-
tion is still performed in Cartesian coordinates and just one
half of the riser is simulated. All physical parameters and
operating conditions, as well as computational parameters,
are the same as Simulation CFB-1. Figure 13 shows the
time-averaged solid-particle distribution of Simulation CFB-2.
From the comparison of this figure with Figure 6b it clearly
emerges that the flow patterns of the two simulations are quite
different.

In Simulation CFB-2 the solid mainly accumulates at the
top of the riser and no dense region is observed at the riser
bottom. More precisely, solid accumulates not only at the riser
wall close to the exit cell but also along the symmetry axis. In
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Figure 13. Time-averaged distribution of solid volumet-
ric fraction for Simulation CFB-2.

this case, too, it is possible to observe the formation of clus-
ters of particles moving downward along the wall. In no cases,
however, are the clusters able to reach the bottom of the
riser; also their formation frequency appears considerably
lower than that observed for Simulation CFB-1.

The quite different behavior of Simulation CFB-2 can be
associated with the presence of the symmetry axis which, act-
ing as a mirror, does not allow any mass transfer from one
wall to the other. Recirculation of material between the two

walls is in fact very effective in Simulation CFB-1 and seems
to help the formation of quite dense clusters of particles. A
similar effect of the symmetry axis also seems to be con-
sistent with results obtained by other investigators who
adopted such a description for similar operating conditions
Ž .Sinclair and Jackson, 1989; Arastoopour and Sue-Kim, 1994 .

( )Influence of inlet conditions Simulation CFB-3
Simulation CFB-3 investigates the effect of a different in-

Ž .let condition. As mentioned by Miller and Gidaspow 1992 ,
exact inlet conditions are difficult to measure due to their
transient nature and, as a consequence, their accuracy is usu-
ally quite low. In this study several inlet conditions were var-
ied in order to investigate the sensitivity of results to their
changes. Some of these conditions are the inlet solid volu-
metric fraction, the velocity profiles of the two phases, and
the feeding mode of the solid. As already discussed earlier

Ž .and illustrated in Figure 1, in the Miller and Gidaspow 1992
experiments, the feeding of solid and gas occurs through an
inner tube at the riser bottom. A correct representation of
this inlet geometry is crucial for a correct description of the
lower part of the riser. For instance, a plug-flow feeding
through the entire riser base, already implemented by some

Ž .authors Samuelsberg and Hjertager, 1996a,b , is unable to
properly represent the lower section of the riser. As a conse-
quence, several measurements have been carried out at the
inlet section, such as solid velocity, volume fraction, and
granular temperature. The data provided evidence of some
accumulation of solid at the inlet tube wall. The associated
velocity was also lower than the core velocity. As a conse-
quence, in Simulation CFB-3, we imposed a trapezoidal pro-
file for solid and gas velocity, and we assumed a concentra-
tion of 0.2 at the feeding-tube wall.

Figure 14 shows the solid volume fraction of Simulation
CFB-3. The riser of Simulation CFB-3 is considerably denser

Ž .than that of Simulation CFB-1 see Figure 6b . Differences
are quite evident both in the core and at the wall region.
Radial profiles, similar to the ones reported in Figure 8, and
not reported here for the sake of brevity, show significant
differences between simulation and data values. The same
effect can be detected from the granular temperature distri-
bution for the two simulations. Its values are considerably
lower for Simulation CFB-3 due to both the greater particle
concentration in the riser and the smaller shear associated
with lower velocities.

As a summary, the assumption of a trapezoidal velocity and
solid concentration profiles seems to reduce the inlet mo-
mentum of the mixture, which is no longer able to describe
the observed velocity field and turbulence production.

( )Effect of cohesi©e forces Simulation CFB-4
Cohesive forces due to the surface charge of particles are

very important in the study of the behavior of small particles.
Particles of few tens of microns in diameter are therefore

Ž .subjected to this type of force. Gidaspow and Huilin 1998
have recently derived, from the radial distribution function of
statistical mechanics, an expression for cohesive forces of 75-
mm FCC particles. Since such a contribution increases with
an increase of the solid volume fraction, it is of some interest
to study its effect on the dynamics of the riser of a CFB.
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Figure 14. Time-averaged distribution of solid volumet-
ric fraction for Simulation CFB-3.

In Simulation CFB-4, the cohesive pressure term has been
added to the kinetic and collisional contributions. The final
expression of the solid pressure is therefore

P s P q P q P s 1q2 1q e e gŽ .s kin coll coh s 0

2y 0.73e q8.957e r e Q. 28Ž .Ž .s s s s

Figure 15. Time-averaged distribution of solid volumet-
ric fraction for Simulation CFB-4.

Figure 15 shows the distribution of the solid volume fraction
of Simulation CFB-4. Simulation results are consistent with
the experimental data. Major differences with the distribu-
tion of Simulation CFB-1 are observed at the wall where the
solid volume fraction is increased by about 5%. Minor changes
are reported in the solid concentration in the core region
where the volume particle fraction is below 5%.

January 2000 Vol. 46, No. 1 AIChE Journal64



Velocity distributions, not reported here, show minor dif-
ferences with a slightly lower velocity for Simulation CFB-4.
Same considerations apply to the granular temperature.

( )Influence of wall restitution coefficient Simulation CFB-5
With this simulation it is possible to investigate the influ-

ence of the restitution coefficient of the wall on the simula-
Žtion results. The wall boundary conditions employed John-

.son and Jackson, 1987 allow the determination of the granu-
lar temperature at the wall based on the solution of a
kinetic-energy balance at the wall. The knowledge of the
restitution coefficient of the wall is therefore necessary for a

Ž .correct application of the model. Gidaspow and Huilin 1998
estimated the restitution coefficient of the wall from mea-
surement of granular temperature and solid volume fraction
in the dilute regime of a CFB. By using the formula of John-

Ž .son and Jackson 1987 , they derived a restitution coefficient
of 0.96 for the acrylic tube of the IIT riser.

Figure 16 illustrates the distribution of the particle volume
fraction of Simulation CFB-5. It is interesting to compare
Simulation CFB-2 to Simulation CFB-5. They have been per-
formed by using restitution coefficients of 0.96 and 0.8, re-
spectively. From the figure it emerges that the wall restitu-
tion coefficient has some effect on the wall concentration,
but its value is not critical for the definition of the flow pat-
tern. In the case shown, a quite large variation of this param-
eter increases the wall concentration by only a small percent-
age and is unable to modify the dynamic behavior of the flow.

Discussion and Conclusions
Three types of hydrodynamic models were used in the lit-

erature to predict riser flow: the viscosity model, the kinetic
theory model with and without gas turbulence, and the k-
epsilon model. The latter model is being developed at Los
Alamos as part of the multiphase flow consortium. The model
with solids viscosity as an input was used by Tsuo and Gi-

Ž . Ž .daspow 1989 , Benyahia et al. 1998a , and by Sun and Gi-
Ž .daspow 1999 to model riser flow. The latter article de-

scribes the prediction of a new phenomenon not known to
the fluidization community at the time of simulation: off-
center maximum flux. The viscosity input model was used
reasonably successfully to model flow patterns and bubbles in

Žbubbling fluidized beds Lyczkowski et al., 1993; Anderson et
.al., 1995 . It appears that with a reasonable input of viscosity

this model predicts the large-scale flow patterns and mixing
on the order of equipment scale. It also appears to predict
the slow oscillations, the gravity waves. It does not compute
the small-scale oscillations with the scale length of the order
of particle size. To do this, the present kinetic theory model
was developed.

The kinetic theory model was first applied to developed
riser flow in a pioneering article by Sinclair and Jackson
Ž .1989 . Due to the assumption of steady developed flow, only
ordinary differential equations were solved. The entrance re-
gion, the exit region, and the transient behavior characteristic
of most fluidization were not computed. This study elimi-
nates the assumptions made by Sinclair and Jackson and per-
mits the solution of the more general problem. The commer-
cial computer code FLUENT has a feature to use the kinetic

Figure 16. Time-averaged distribution of solid volumet-
ric fraction for Simulation CFB-5.

theory, and has been shown to correctly predict some fea-
tures of the core-annular flow regime for the PSRI challenge

Ž .problem Benyahia et al., 1998b .
In this article we show that the model computes the flow

regime in a reasonable agreement with our experiment. The
model is able to describe the most significant features of the
two-phase flow riser hydrodynamics, the oscillatory-type mo-
tion of dense clusters, the time-averaged core-annular flow
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regime, and the radial and axial nonhomogeneities of the flow.
Radial solids concentrations, velocities and fluxes are con-
sistent with measurements at three different sections. For the
first time, the transient behavior of the riser has been com-
pared here to experimentally measured large-scale frequen-
cies of density oscillations. The computed and the measured
frequency of the gravity wave is about 0.2 Hz. The computa-
tions show that the solids move in the form of clusters, which
is consistent with observations.

The best comparisons between model predictions and data
are obtained by using a two-dimensional Cartesian coordi-
nate system with nonsymmetry imposed at the riser axis. The
imposition of symmetry resulted in a wrong particle distribu-
tion due to a mirror effect. At volume fractions of about
3]4%, where most of the data are clustered, the computed
granular temperature and the solids viscosity are in a good
agreement with the experiment. In the dense region they dis-
agree, probably due to the use of a constant restitution coef-
ficient. The implementation of correct inlet conditions also
appears to be critical for a successful simulation of flow hy-
drodynamics. Both feed geometry and flow conditions through
the inlet cross section strongly affect the flow pattern in the
riser. They need to be measured accurately. Output geometry
and boundary conditions are equally important for a correct
simulation of the flow behavior and need to be improved to
achieve a better agreement between predictions and data.

The main advantage of the kinetic-theory model is that it
gives the granular temperature}particle turbulence}and
the viscosity in terms of first principles and physical parame-
ters, such as particle size, allowing predictions to be made
without extensive use of empirical correlations. Recently

Ž .Buyevich and Cody 1998 have a made a very significant pre-
Ždiction using a slightly modified kinetic theory Buyevich,

.1999 . In agreement with Cody’s acoustic-probe granular-
temperature measurements, they find that the granular tem-
perature has a maximum value for a particle diameter of
about 90 mm and a minimum of 150 mm. They use the high
value of the granular temperature for Geldard A particles to
explain the suppression of bubbles below minimum bubbling
velocity. For both small and large particles the granular tem-
perature increases with particle size. This behavior can be
explained from the fluctuating energy balance for particles

Ž .given in this article and in Gidaspow 1994, eq. 10.12 . The
equation shows the granular temperature to be proportional
to particle diameter times velocity gradient squared. If we
approximate the gradient by gas velocity minus the terminal
velocity divided by pipe radius, we see that the granular tem-
perature is the product of an increasing function of diameter
times a decreasing function, since the terminal velocity in-
creases with particle size. Hence we can explain the essence
of Cody’s discovery using kinetic theory only. To reach defini-
tive conclusions, the code must be applied to other particle
sizes.
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Notation
A, Bsauxiliary constants

dsparticle diameter
Dsriser diameter

D sriser inlet diameterf
esrestitution coefficient
g sgravitational acceleration

Hsphysical-domain height
Lsphysical-domain length
nsnormal direction
qsgranular temperature flux
r sradial coordinate

R̃sgas constant
ResReynolds number

tstime
usvertical component of velocity
©svelocity vector
xshorizontal coordinate
ysvertical coordinate
zsaxial coordinate
e svolumetric fraction

e smaximum solid packings,max
lsslip parameter
r sdensity
s sshear stress
t sstress tensor
Qsgranular temperature

Subscripts
cohscohesive
collscollisional

g sgas phase
insinlet

kinskinetic
outsoutlet
slipsslip between the particle and the wall
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