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Abstract

The main purpose of this study is to investigate the ability of three gas-solids flow models
— standard granular kinetic theory (see Gidaspow, 1994), and two gas-solids turbulence
models (Balzer et al. 1996, and Cao and Ahmadi 1995) — to predict core-annular flow
behavior commonly observed in dense gas/solids flows (>3% solids volume fraction). For
dense gas/solids flows, these models use similar closures for the solids stresses derived
from kinetic theory of granular materials and differ mainly in their treatment of the
gas/solids turbulence interchange. The effect of three types of boundary conditions,
Jenkins (1997), Johnson and Jackson (1987), and the free slip condition, was also
investigated. Care was taken to ensure that the comparisons are based on grid-independent
solutions.  This study has demonstrated that the granular kinetic theory, Balzer et al. 1996,
and Cao and Ahmadi 1995 models give similar predictions for a dense fully developed
flow in a vertical channel, and that the gas turbulence may not have a dominant effect in
relatively dense gas/solids flows. Finally, the core-annular flow behavior with maximum
solids concentration at the walls was not observed if the boundary condition causes
production of granular energy at the wall. Boundary conditions that dissipate granular
energy near the wall are needed to predict a core-annular flow structure.

Introduction

Experimental investigations of dilute gas/solids flow with high gas/solids velocities,
showing a migration of solids toward the core of the flow system, have been widely
reported in the literature (Tsuji et al., 1991; Jones and Sinclair, 2003). This phenomenon
has been predicted by the use of different gas/solids turbulence models (Balzer et al., 1996;
Cao and Ahmadi, 1995; Jones and Sinclair, 2003), which are dominated by the turbulence
properties of the carrier gas.



For denser flows, solids migrate towards the walls, establishing a core-annular flow regime.
Tsuo and Gidaspow (1990) were probably the first to compute clusters and streamers in the
riser section of a circulating fluidized bed. More recently, Agrawal et al. (2001) have
conducted a detailed analysis of the formation of clusters and their impact on the gas/solids
flow behavior. They computed a large slip velocity between gas and solids that can be
several times that of terminal velocity for a single particle. The granular temperature was
also computed to be much higher than that of a uniform state due to the large gradients in
solids velocity associated with the formation of clusters.

The formulation of the solids pressure, which causes solids migration, is generally agreed
upon (Lun et al.,1984; Sinclair and Jackson, 1989; Cao and Ahmadi, 1995; Balzer et al.,
1996). However, the models differ in their representation of gas/solids turbulence
interaction terms, closure equations for solids viscosity and conductivity, and the drag term.
Boundary conditions for the solids granular temperature and slip velocity (Johnson and
Jackson, 1987; Jenkins and Louge, 1997; free slip) are another source of variation. We
investigate the effects of these differences, using the same numerical code (MFIX) under
the same simplified flow conditions. The differences in the predicted granular temperature
profiles had a direct impact on the establishment of the core-annular flow.

Description of the models used for gas/solids flow predictions

The model equations for gas/solids flows used in the present study are summarized in
Table 1. All the models used in this study, including Simonin model, use solids stresses
that are derived from the kinetic theory of granular flows (KTGF) (e.g., Gidaspow 1994). It
is reasonable to use KTGF since the simulated gas/solids flows in this study were all
conducted at relatively high solids concentrations (3% average solids volume fraction).
More details of Ahmadi and Simonin models can be found elsewhere (Cao and Ahmadi,
1995; Balzer et al., 1996; Benyahia et al., 2004). The major differences in these models
reside in their treatment of the turbulence exchange terms as shown in Table 1. In this
study, we used an algebraic formulation of the gas-particle instantaneous velocity cross-
correlation ki, which was found to yield similar results compared with the PDE
formulation (Balzer et al. 1996) and yet accelerate significantly the numerical simulations.
This algebraic expression was obtained by assuming the dissipation term to be equal to the
exchange term in the ki, equation (see equation 17 in Benyahia et al., 2004), which is a
reasonable assumption since heavy particles (glass beads) are used in this study. Also,
unlike Ahmadi and Simonin, who have often used low Reynolds k-epsilon model to
describe the gas phase turbulence, we use wall functions and avoid the mesh refinement
near a wall boundary necessary to resolve the laminar boundary layer.

We use the boundary conditions for the solids phase developed by Jenkins (1997) and
Johnson and Jackson (1987) and a free slip boundary condition to asses the sensitivity of
the numerical results to the wall boundary condition.



Continuity equation index m=1 (gas) or 2 (solids).
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Table 1 Model equations for multiphase flows




Gas-phase wall boundary conditions for turbulent flows
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Table 2 Model boundary conditions for multiphase flows

Description of physical and numerical parameters

We report the simulation results for the isothermal flow of air and glass beads in a vertical
channel of 10 cm width. A superficial gas velocity of 5 m/s and an average solids volume
fraction of 3% are used in all these simulations unless otherwise specified. A constant gas
mass flux was prescribed in these simulations. The gas pressure drop was allowed to
fluctuate in order to guaranty a constant gas flow rate. The glass beads used in these
simulations had a diameter of 120 microns and density of 2.4 g/cm®. Particle-particle
restitution coefficient of 0.95 and particle-wall coefficient of 0.7 were used. In most of the
simulations, the Jenkins low frictional limit was used as the solids phase boundary
condition with a particle-wall friction coefficient value of 0.2. Uniformly distributed
computational grids have been used in this study with a standard grid of 40 cells along the
channel width. Second order discretization scheme of Van Leer was used for the
convective terms. The numerical time step was allowed to vary but rarely exceeded a
millisecond.



Verification study of model predictions and grid convergence

A recent paper by John Grace (2004) has focused on the shortcomings of current models
used for the predictions of gas/solids flows. More specifically, the paper points out the lack
of verification studies. Although verification is invariably a part of numerical model
development, it seldom gets reported. For example, the research code MFIX used in this
study is verified with a suite of 35 test cases every time a stable version of the code is
created. Commercial CFD codes are rigorously tested using a large number of test cases.
We start this paper by reporting on a test case we used specifically for this study to test the
implementation of the granular theory model.

In a recent study Gidaspow (2003) derived a closed form solution for the granular
temperature radial profile, in the case where solids velocity has a parabolic profile
(Poiseuille flow):

Vg =3/2 V29 b—((x —H)/H)ZJ

In this case, the granular temperature has a fourth power dependency on the dimensionless
channel width as shown by the following equation:
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In order to verify the numerical code in MFIX, a simulation was conducted after
prescribing the granular temperature to be the fourth power profile (Figure 1-b). The results
of the simulation are shown in Figure 1. Figure 1-c shows an exact match between the
analytical and numerical solutions for solids velocity. Figure 1-a shows the predicted
solids volume fraction profile and a function proportional to the inverse of granular
temperature.  An exact inverse relationship between the granular temperature and the
solids volume fraction can be deduced from the radial momentum balance. These exact
matches partially verifies the kinetic theory expressions coded in MFIX. (Although not
relevant to this verification test, for reference Figure 1-b also shows the granular
temperature profile predicted using Kinetic theory, which does not compare well with the
prescribed granular temperature profile.) Figure 1-a also shows that in the case where the
full solids pressure is used (kinetic and dense parts) the solids volume fraction was lower
near the walls of the channel. The core-annular flow behavior with higher solids
concentration near the walls of the channel is always observed when the highest granular
temperature occurs at the center of the channel.

The difference between the predicted gas and solids axial velocity (Figure 1-c) matches
exactly the terminal velocity of a single glass bead particle estimated at about 80 cm/s. We
will demonstrate later that the slip velocity between gas and solids can be several times that
of a single particle terminal velocity due to cluster formation. In this case, clusters did not
form because the imposed granular temperature profile forced the code to produce steady
(time invariant) results.



A grid sensitivity analysis was conducted in the periodic 1-D channel to determine the
minimum computational grid size needed to achieve a grid independent solution. Several
grid densities were considered in this study varying from a relatively coarse mesh of 10
grids distributed along the channel width to a finer mesh of 160 grids. Figure 2 shows that a
grid density of 40 along the channel width was necessary to achieve grid independent time-
averaged results. Although the coarse grid of 10 cells was able to predict the core-annular
flow, the numerical predictions of other variables are not accurate as demonstrated by
Figure 2.

One-dimensional versus two-dimensional clusters and their effect on flow predictions
Two-dimensional simulations have been carried out in a channel of 10 cm width and 40 cm
height with a uniform computational grid of 40x160. The choice of a length to width ratio
of four has been found to produce optimal results (Agrawal et al., 2001). Figure 3-a shows
the solids volume fraction distribution along the width of the channel at an elevation half
that of the total height. The 2-D simulation predicted a core-annular flow similar to the 1-D
simulation. However, the solids concentration at the walls of the channel was less in the
case of a 2-D simulation. The clusters and streamers (sheets of high solids concentration)
formed in the 2-D channel and followed a complex path in their fall due to gravity.
Although most clusters and streamers remained near the walls of the channel, some clusters
moved to the center of the channel. This was demonstrated by the relatively smaller
concentration of solids near the walls and higher concentration of solids in the center of the
riser in the 2-D simulations compared to the 1-D results.

The computed granular temperature in a 2-D system was lower than that in the 1-D case as
seen in Figure 3-b. The relatively smaller clusters computed near the channel walls in the
2-D case lead to a smaller downward velocity, which in turn yielded smaller solids velocity
gradients that are the main mechanism for granular temperature production.

Figure 3-c shows a comparison of the computed gas axial velocity profiles between 1-D
and 2-D results. The average gas velocity was fixed in both cases to 5 m/s, thus the profiles
for 1-D and 2-D systems were similar except near the walls where the 1-D simulation
predicted a larger downward velocity due to entrainment by the larger computed clusters.
The 2-D results showed higher solids velocity magnitude relative to 1-D simulation as seen
in Figure 3-d. The 2-D shape of clusters makes them more susceptible to entrainment by
the upward flowing gas. A better exchange of momentum is achieved in a 2-D cluster
relatively to a 1-D cluster that extends infinitely in the axial direction. For these reasons,
the 2-D solids velocity profiles were higher in magnitude relative to the 1-D results.
However, the trends and magnitude of all the computed results were similar in both 1-D
and 2-D simulations. These results suggest that using a 1-D system to study the effect of
model parameters and boundary conditions is acceptable. One should point out that the 1-D
results may not compare well with experiments; however, the purpose of this study is to
compare the different turbulence models and boundary conditions.

Effect of gas/solids turbulence models on the flow predictions
Three different models were used to predict the gas/solids flow in a one-dimensional
channel: a standard kinetic theory model (KTGF) with no dissipation or production of



granular temperature due to drag terms (see Gidaspow, 1994); Simonin model (Balzer et
al., 1996); and Ahmadi (Cao and Ahmadi, 1995) model. For the heavy particles at high
solids loading used in these simulations, the three models had differences only in the
gas/solids turbulence interaction terms. Simonin and Ahmadi models predicted similar
granular stresses as the standard KTGF model.

Figure 4-a shows that all three models predicted similar solids volume fraction
distributions. The core-annular behavior was predicted due to the transient fluctuations in
the solids volume fraction. Animations of the solids volume fraction showed that all
models predicted an oscillatory behavior with a period of 6-7 sec. This oscillatory behavior
created clusters that moved from one wall of the channel to the other. When averaged over
time, the solids volume fraction distribution showed a core-annular behavior with solids
concentration higher at the walls of the channel. The dissipation in the granular temperature
equation due to inelastic collisions or interactions with the gas turbulence in the cases of
Simonin or Ahmadi models did not affect the core-annular behavior predicted by all these
models. A previous study by Sinclair and Jackson (1989) using a steady-state model has
shown an undue sensitivity of their model to the particle-particle restitution coefficient.
Another study by Hrenya and Sinclair (1997) demonstrated the limitations of a steady state
model and re-derived a Reynolds-averaged model with proposed closures to the generated
correlations. Their model explained the nature of core-annular behavior that is due to the
formation of clusters, which is a transient phenomenon that can be captured by the standard
model based on the kinetic theory of granular flow with a sufficiently fine computational
grid.

Figure 4-b shows the gas and solids time-averaged turbulent kinetic energy distribution
along the channel width (k, =3/2©,). The predicted granular temperature was the highest

in the case of a granular model due to the absence of gas/solids turbulence exchange term
in the granular temperature equation. Simonin model predicted a higher granular
temperature due to the low predictions of the gas turbulent energy. Ahmadi model
predicted similar magnitude and profiles of gas and solids turbulent energy. The high
magnitude of the gas turbulent energy predicted by Ahmadi model was due to the high
production turbulence exchange term in the k; equation. There was a slight increase in the
gas turbulent energy near the walls in both Ahmadi and Simonin models due to the use of
standard wall functions.

Figure 4-c shows the time-averaged gas axial velocity profile along the channel width.
Simonin and Ahmadi models along with the laminar model predicted the same gas velocity
profile even when the gas turbulent kinetic energy was significantly different in both
profile and magnitude. This is a clear indication that the gas turbulence model does not
play a significant role in dense (3% averaged solids volume fraction) flows. It also
indicates that a model based only on the kinetic theory for granular flows is sufficient to
model gas/solids flows in relatively dense systems. The transient dense flow of gas and
solids indicates that the gas flow through regions of minimum solids concentration. The
presence of highly concentrated regions (or clusters) prohibits the high velocity flow of
gas. Thus, the gas velocity profile is affected mainly by the solids volume fraction profile
and not by the gas turbulent energy distribution, as in single-phase flows.



Figure 4-d shows the time-averaged solids axial velocity profiles along thel0-cm channel
width. Solids flow downward near the walls of the channel because of the high solids
concentration in these regions. At the center of the channel, where solids concentrations are
low, the highest solids velocity is observed. This is typical of a core-annular flow behavior
commonly observed in experiments. The difference between gas and solids axial velocity
was computed to be several times that of a single particle terminal velocity, which is
approximately equal to 80 cm/s. This was due to the formation of clusters that can
accelerate downward at a speed higher than that of a single particle, which is in agreement
with the observations of Agrawal et al. (2001).

Effect of different boundary conditions for the solids stresses on flow predictions

Three different boundary conditions were used in this study: Jenkins and Louge (1997)
small frictional limit, Johnson and Jackson (1987) boundary condition commonly used for
gas/solids flows, and the free slip boundary condition. Apart from the parameters described
in the physical and numerical section in this study, the Jenkins boundary condition used a
friction coefficient () equal to 0.2, and a specularity coefficient (¢) of 0.01 was used

with the Johnson and Jackson boundary condition.

Figure 5 shows the predictions of the granular model using different wall boundary
conditions for the solids stresses as summarized in Table 2. Both the free slip and Jenkins
boundary conditions (BC) predict maximum solids concentration at the walls of the
channel. However, Johnson and Jackson BC predicts a thicker annulus and the maximum
solids concentration occurred at a small distance from the walls. This was caused by the
fact that the minimum granular temperature occurred at a location close to the walls. In
fact, Figure 5-b shows that the Johnson and Jackson BC predicted a small production of
granular temperature at the walls. By further increasing the specularity coefficient to 0.1,
we did not observe the presence of the core-annular flow behavior and the code predicted a
steady flow with maximum solids volume fraction away from the wall region. The same
behavior was observed by using a higher friction coefficient () in the Jenkins BC. In fact,

by using a friction coefficient of 0.25, we did not observe a core-annular behavior, which

was similar to the results observed using Johnson and Jackson BC with a high specularity

coefficient. To explain the reason for this change in behavior, let’s examine the Jenkins BC
sf

for granular temperature:W:%B(uew)ﬂz—(l—ew)}. This boundary condition will yield

a production of the granular temperature at the walls only if7/2(1+e,,)u? >(1—ew). When the

particle-wall restitution coefficient is 0.7, this analysis shows that for a value of the friction
coefficient higher than about 0.22, a production of granular temperature occurs at the walls.
This indicates that a core-annular flow behavior will form if the walls dissipate granular
temperature, thus demonstrating the significance of boundary conditions and their effect on
the model predictions.

Figure 5-d shows the solids axial velocity predictions using different wall boundary
conditions. The larger the wall-particle friction, the lower the solids slip velocity computed
at the walls. In this case, the Johnson and Jackson BC had the largest friction as seen in
Figure 5-d. The gas is usually entrained with the solids even near a wall boundary as seen



in Figure 5-c. Therefore, different wall boundary conditions for the gas phase may not be
important in dictating the overall gas/solids flow patterns due to the lower inertia of the gas
in dense systems. Figure 5-d shows also that most solids downward flow occurs with the
free slip condition due to the lack of wall friction that tends to slow the downward flow of
large clusters.

Conclusions

The verification of the granular model in MFIX was conducted by using a closed form
solution of the granular temperature derived by Gidaspow (2003); it was verified that by
fixing the granular temperature profile, the numerical and analytical solutions for the solids
velocity matched exactly. A series of simulations were conducted with increasing grid
refinement to select a grid size that gives grid-independent, time-averaged solutions.

The comparison of different turbulence models and boundary conditions was done by
conducting several transient 1-D simulations, which are useful for comparing models
because they are considerably faster than 2-D or 3-D simulations. A few 2-D simulations
were also conducted to test the validity of comparisons based on 1-D simulations. A major
difficulty with 1-D simulation is that the size of the clusters in the flow directions is
infinite, and, therefore, their downward velocity near the wall is larger than that predicted
by a 2-D simulation. Nevertheless, the solids velocity profiles predicted by 1-D and 2-D
simulations agreed qualitatively. There was good quantitative agreement in predicted
solids volume fraction and gas velocity profiles.

Three gas/solids models have been examined to study a relatively dense (3% solids by
volume) gas/solids fully-developed and transient flow. For dense gas/solids flows, these
models use similar closures for the solids stresses derived from Kinetic theory of granular
materials and differ mainly in their treatment of the gas/solids turbulence interchange. This
study has demonstrated that the granular kinetic theory, Balzer et al. 1996, and Cao and
Ahmadi 1995 models give similar predictions for a dense fully developed flow in a vertical
channel, and that the gas turbulence may not have a dominant effect in relatively dense
gas/solids flows.

Finally, the core-annular flow behavior with the maximum solids concentration at the walls
was not observed if the boundary condition causes production of granular energy at the
wall. Boundary conditions that dissipate granular energy near the wall are needed to predict
a core-annular flow structure.
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FIGURE 1. Verification of the numerical implementation of the granular model
in MFIX by imposing a theoretically derived granular temperature profile.
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predictions in a fully developed channel.
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¢- gas axial velocity profiles d- solids axial velocity profiles
1000
600
600 -
E‘ A E L =
= W = 200
S, 200 —a— Jenkins & Louge % —a— Jenkins & Louge
? —=—Johnson & Jackson > —=—Johnson & Jackson
oo/ Free sli -200 a— Free slip
-200 1/ —a— Free slip X
‘600 T T T T '600 T T T T
0 2 4 X[cm] 6 8 10 0 2 4 X[cm] 6 8 10

FIGURE 5. Effect of using different wall boundary conditions for the solids

stresses on the time-averaged flow variables.
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