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Wall boundary conditions for the solids phase have significant effects on numerical predictions of various gas—solids flu-
idized beds. Several models for the granular flow wall boundary condition are available in the open literature for nu-
merical modeling of gas—solids flow. A model for specularity coefficient used in Johnson and Jackson boundary
conditions by Li and Benyahia (Li and Benyahia, AIChE J. 2012,;58:2058-2068) is implemented in the open-source
CFD code-MFIX. The variable specularity coefficient model provides a physical way to calculate the specularity coeffi-
cient needed by the partial-slip boundary conditions for the solids phase. Through a series of two-dimensional numeri-
cal simulations of bubbling fluidized bed and circulating fluidized bed riser, the model predicts qualitatively consistent
trends to the previous studies. Furthermore, a quantitative comparison is conducted between numerical results of
variable and constant specularity coefficients to investigate the effect of spatial and temporal variations in specularity
coefficient. Published 2013 American Institute of Chemical Engineers AIChE J, 59: 3624-3632, 2013
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Introduction

With the recent, fast development in computational power
and numerical algorithms, computational fluid dynamics (CFD)
has become a very effective complementary tool for experi-
ments to understand the complex hydrodynamics of gas—solids
flows encountered in many industrial applications, including
energy production and chemical, pharmaceutical, food, and ag-
ricultural processing. CFD is playing an important role in opti-
mizing the design and operation of these industrial processes.

A number of CFD modeling approaches exist for gas—sol-
ids flows covering different scales.'! Among them, the
Lagrangian—Eulerian (LE) method, and the Eulerian—Eulerian
(EE) method or two-fluid model (TFM) are the most widely
used approaches for simulating gas—solids flows. For simula-
tions using either the LE or EE method, appropriate wall
boundary conditions are crucial to the quantitative prediction
of gas—solid flows. For the gas phase, a no-slip wall bound-
ary condition is usually applied in gas—solids flow simula-
tions, and this is believed to be reasonable for most cases.
However, the boundary condition for the solids phase is not
as straightforward in the EE method as it is in the LE
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method. In the EE modeling, different wall boundary condi-
tions for the solids phase can be found in the literature,
including free-slip, partial-slip, and no-slip boundary condi-
tions. Among the aforementioned boundary conditions for the
solids phase, partial-slip boundary conditions are considered
to be the most realistic. Various models for the granular flow
partial-slip wall boundary condition are available in the open
literature.”™* The boundary conditions proposed by Johnson
and Jackson” have been widely applied in numerical simula-
tions of gas—solids flows in various fluidized beds due to
their physical base and relatively simple form.

In Johnson and Jackson boundary conditions, the specular-
ity coefficient that characterizes the collisional tangential mo-
mentum transfer between the solids flow and the wall is an
important input parameter for numerical simulations. The
specularity coefficient ranges from O to 1, with a zero value
for perfectly specular collisions (particles slipping freely at
walls) and a value of unity for perfectly diffuse collisions
(particles sticking or not slipping at walls). Different specular-
ity coefficients have been adopted in the literature with high
values (~0.5) most common in simulating bubbling fluidized
beds, while low values are applied to circulating fluidized bed
simulations. Several studies have demonstrated that the flow
field is very sensitive to the specularity coefficient.”™'* Benya-
hia et al.” evaluated the effect of boundary conditions used to
model the dilute turbulent gas—solids pipe flow and found that
a small specularity coefficient is preferential for the simulated
problem. Almuttahar and Taghipour ' investigated the effect
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of several model parameters in two-dimensional (2-D) numeri-
cal simulations of a high-density circulating fluidized bed
riser. They reported that the specularity coefficient influenced
the solids concentration distribution, and a zero value for this
parameter led to good agreement with the experimental data.
Wang et al.'” and Jin et al.° carried out EE numerical simula-
tions of the hydrodynamic behaviors of high-flux circulating
fluidized beds with Geldart group A and group B particles
and conducted a comprehensive sensitivity study of key model
parameters. They found that the specularity coefficient has a
slight effect on the gas velocity and solids velocity distribu-
tions but a pronounced effect on the solids volume fraction
distribution for both types of particles. A numerical study of
gas mixing in gas—solids fluidized bed by Li et al.” revealed
that the solids-phase wall boundary condition needs to be
specified with great care when predicting the gas mixing. Sub-
stantial differences were observed in the gas backmixing
when varying the specularity coefficient. When the specularity
coefficient is carefully chosen to fit the axial and radial tracer
concentration measured in the experiment, a lower value of
specularity coefficient tends to be appropriate for the same
system operated under higher superficial gas velocity. A simi-
lar phenomenon was observed by Li et al.® in simulating a
pseudo-2-D bubbling fluidized bed where the specularity coef-
ficient was found to affect the solids flow behavior signifi-
cantly and likely to be dependent on the flow conditions. Lan
et al.” studied the influence of solids-phase wall boundary
condition in terms of specularity coefficient and particle—wall
restitution coefficient on the flow behavior of spouted beds in
EE simulations. The simulated results show that the solids-
phase wall boundary condition plays an important role in
CFD modeling of spouted beds. The specularity coefficient
has a pronounced effect on the spouting behavior, and a small
specularity coefficient (0.05) yields reasonable predictions.

Clearly, choosing the correct value of specularity coeffi-
cient is critical for most validation studies because the wall
effect is believed to be more important for small-scale labo-
ratory systems than large-scale industrial plants. To deter-
mine this parameter, Hui et al.'?> recommended that
tangential velocity changes should be measured for a large
number of collisions with different impact velocities and
impact angles on a representative section of the wall. How-
ever, no such measurement has been reported in the litera-
ture. One way to specify the specularity coefficient is to
adjust this parameter to fit some experimental data. How-
ever, this is unlikely to be feasible for large-scale fluidized
bed simulations where the experimental measurements are
very limited and the computation is highly time-consuming.
In addition, as suggested by the previous studies®”, the spec-
ularity coefficient fitted with certain experimental data may
not work universally for the same system under different
flow conditions. To overcome these issues, Li and Benya-
hia'? revisited the Johnson and Jackson boundary conditions
and derived a working expression for the specularity
coefficient based on the properties of particle-wall collision
and flow behavior. This model provides a physical way to
calculate the specularity coefficient as a field variable along
the wall; hence, it is of practical interest to investigate
the validity and performance of this model in numerical
simulations of gas—solids fluidization systems.

The objective of this study is to evaluate the recent model
of specularity coefficient for Johnson and Jackson boundary
conditions proposed by Li and Benyahia'® implemented in
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the open-source code MFIX. Performance of this variable
specularity model is evaluated through a series of 2-D
numerical simulations of a bubbling fluidized bed and a cir-
culating fluidized bed riser. The interactions between flow
conditions and the specularity coefficient are investigated
qualitatively. In addition, the numerical results of constant
and variable specularity coefficients are compared in terms
of accuracy and computational speed.

Numerical Model

The multiphase continuum flow solver of an open-source
code, MFIX, is used. Mass and momentum conservation
equations are solved for the gas and solids (particulate)
phases with the appropriate closure relations. Specifically,
the governing equations for the solids phase are closed by
granular kinetic theory. A partial differential equation for
granular temperature is solved to model the fluctuating
energy of the solids phase. The drag correlation proposed by
Gidaspow, which is a combination of Wen and Yu and
Ergun correlations, is used to describe the interphase interac-
tion between gas and solids. Governing equations solved in
MFIX are summarized by Benyahia et al.'*. More details on
theory and numerical techniques in MFIX can be found at
https://mfix.netl.doe.gov'>"'®.

The following boundary conditions for the solids phase
developed by Johnson and Jackson® has been implemented
in MFIX

Va - (5) -7, $v/30mpo|Valgo
|‘751 | 60(pAmax

+Netan =0 (1)

The first term on the left side of Eq. 1 denotes the stress
in the solids flow on approaching the wall. Here, Vg is the
slip velocity between the particles and the wall, 6, is the
solids stress tensor, and 77 is the unit normal vector to the
wall. The second term stands for the rate of tangential mo-
mentum transfer to the wall by particle—wall collisions. ¢ is
the specularity coefficient, p, is the density of the solids ma-
terial, ® is the granular temperature, g, is the radial distribu-
tion function, opis the solids volume fraction, and o} max 1S
the solids volume fraction at a closely random packing state.
The third term on the left side of Eq. 1 is the stress due to
sliding particles, which is obtained by applying Coulomb’s
law of friction to the particles sliding over the surface. Ny is
the normal frictional component of stress (i.e., the frictional
pressure), and ¢ is the angle of friction between the wall sur-
face and the particles.

For the fluctuation energy (or granular energy), Johnson
and Jackson” derived the following boundary condition

—ii - Gpr=D+Vy - S )

where Gpy is the flux of fluctuation energy and D is the rate
of dissipation of fluctuation energy due to inelastic particle—
wall collisions expressed as

1 V30
D=—mp,0,0(1-¢,) g0 3)

4 Op,max
where e, is the normal restitution coefficient of particle—wall

.. . .
collisions. S, is the force per unit area on the wall due to
particle—wall collisions given by
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In Johnson and Jackson boundary conditions, the specular-
ity coefficient, ¢, must be specified to characterize the tan-
gential momentum transfer due to collisions.

Li and Benyahia13 revisited Johnson and Jackson bound-
ary conditions for granular flows by adopting the classic
rigid-body theory for the particle—wall collision and kinetic
theory to determine the dependence of the specularity coeffi-
cient on particle—wall collision properties and flow behavior.
By assuming thermodynamic equilibrium close to the wall, a
working expression for the specularity coefficient, derived by
Li and Benyahia from numerical integration based on the
isotropic Maxwellian velocity distribution, is provided below
for a general problem and only requires knowledge of nor-
mal particle-wall restitution coefficient and wall friction
coefficient. Ignoring the angular velocity of particles, which
is not available in most EE modeling, the specularity coeffi-
cient can be calculated by the following equation

= 2
= 6;5%) o 1< 7\/2k¢
i
¢= 0 )
2k .
otherwise

71‘\/ 6n

where r=u/ V30 is the normalized slip velocity at the wall
characterizing the mean impact angle of particles with
u=|Vgq|, and k=1Ip;(1+ey) is a combination of friction
coefficient, u;, and the normal particle—wall restitution coef-
ficient, ey. ¢, is the value of ¢ when r tends to zero. For
the range of k € (0, 10) of practical interest, an approximate
equation of ¢, is suggested.

¢y =—0.0012596 + 0.1064551k — 0.04281476k>
+0.0097594%k> — 0.0012508258k* (6)
+0.0000836983k> — 0.00000226955k°

In a previous study by Li and Benyahia, this model was veri-
fied against the previous study by Jenkins®, as well as the nu-
merical results from particle simulations by Louge'’. This
model for specularity coefficient has been implemented recently
and is available in the MFIX open-source code. In this numeri-
cal code, the specularity coefficient at each wall cell is first cal-
culated based on the flow conditions and physical properties
and then used in the Johnson and Jackson partial-slip boundary
conditions during gas—solids flow simulations.

Simulation Setup

To save computational time, only 2-D numerical simula-
tions are conducted. Two cases including a bubbling fluid-
ized bed and a circulating fluidized bed riser as
schematically shown in Figure 1 are considered in the cur-
rent study. As this study only considers 2-D simulations, and
physical experiments are naturally three-dimensional (3-D),
no attempts to compare against experimental data will be
conducted. It should be emphasized that the objective of this
study is to evaluate the performance of this variable specu-
larity coefficient model and to investigate how the specular-
ity coefficient affects the numerical results.

The first case is a 2-D bubbling fluidized bed with 0.75 m
height and 0.25 m width. Glass beads with particle diameter
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Figure 1. Schematic of (a) bubbling fluidized bed and
(b) circulating fluidized bed riser (unit: cm).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com]

of 400 um and density of 2500 kg/m3 are fluidized with dif-
ferent superficial gas velocities of 0.2, 0.3, and 0.6 m/s,
respectively. Two particle—wall friction coefficients are
tested to study the flow behavior under different wall proper-
ties. Both constant and variable specularity coefficients are
tested in the Johnson and Jackson partial-slip boundary con-
ditions. The specularity coefficient is calculated based on Li
and Benyahia13 at each wall cell and stored for post-analysis
to evaluate the variation of specularity coefficient with oper-
ating conditions and particle-wall properties. Uniform grid
of 5 mm, which corresponds to 12.5 times the particle diam-
eter, is used in all simulations and is believed to be grid-
insensitive according to our previous grid-convergence study
of similar conﬁgurations.8 The grid independence is further
confirmed by a brief grid study using three grid sizes of
6.25 mm, 5 mm, and 4 mm. Detailed parameters used in the
numerical simulation of bubbling fluidized beds are given in
Table 1. Total simulation time of 60 s is completed for each
case and mean flow field information are extracted from the
last 50 s numerical results for analysis.

The second case is a circulating fluidized bed riser
reported by Lu et al.'®. The riser section is an 8.5 m tall
cylindrical column with diameter of 0.4 m as shown in
Figure 1b. For this case, 2-D numerical domain with two
solids-inlets and outlets are used to achieve symmetric flow
behavior'?. Particles with diameter of 300 pm and density of
2500 kg/m3 are circulated by a superficial gas velocity of
7.76 m/s under ambient conditions. Two solids circulation
rates are studied with solids mass flux of 50 kg/m”s and
400 kg/m?s, respectively. Table 2 summarizes detailed
numerical parameters used in the simulations. A grid of
80X 850 is used and is believed to be grid-insensitive accord-
ing to a previous study of the same case.'® Numerical results
of 80 s are analyzed with the first 25 s of numerical simula-
tion excluded to avoid the startup effect.
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Table 1. Parameters Used in the Numerical Simulations of

Bubbling Fluidized Bed

Parameter Value
Height 0.75 m

Grid size 0.005 m

Initial bed voidage 0.45

Particle density 2500 kg/m>
Particle—particle restitution coefficient 0.95
Particle-wall friction coefficient 0.36, 0.09

Gas velocity 0.2, 0.3, 0.6 m/s
Viscosity 1.8 X 10> Pas
Width 0.25 m

Initial bed height 0.25 m

Solid packing limit 0.6

Particle diameter 400 pm
Particle—wall restitution coefficient 0.8

Total simulation time 60 s
Temperature 297 K

Pressure 1 atm

Numerical Results and Discussion
Bubbling fluidized bed

According to Li and Benyahia’s model, the specularity
coefficient is calculated for each wall cell at every time step.
Figure 2a presents the spatial variation of specularity coeffi-
cient along the left wall at a specific time of the simulation.
Along the wall, high values of specularity coefficient tend to
be observed in regions near the bottom distributor and upper
bed surface where the solids volume fraction is low and the
granular temperature is high. Above the bed surface, no
specularity coefficient is reported as no particle exists at that
height. Figure 2b shows the time variation of specularity
coefficient at one point on the left wall located at 0.15 m
above the bottom distributor. The specularity coefficient fluc-
tuates because of the local flow dynamics. At each time, the
spatially averaged specularity coefficient along the left wall
was calculated by averaging over all the wall cells. Figure
2c plots the time variation of this average specularity coeffi-
cient. An overall effective specularity coefficient of 0.0746
can be obtained by averaging this quantity over a time-
period of 50 s. This overall effective specularity coefficient
is consistent with the procedure proposed by Hui et al.'? for
measuring the specularity coefficient experimentally. Hence,
it can be used as an input for the original Johnson and Jack-
son’s boundary conditions for the solids phase.

An overall constant effective specularity coefficient of
0.0746 is used in the numerical simulation with the original
Johnson and Jackson’s wall boundary conditions for compar-
ison. Figure 3 compares the distribution of mean voidage

Table 2. Parameters Used in the Numerical Simulations of
Circulating Fluidized Bed Riser

Parameter Value
Height 8.5 m
Particle density 2,500 kg/m®
Particle—particle restitution coetficient 0.98
Particle-wall friction coefficient 0.577, 0.176
Gas velocity 7.76 m/s
Viscosity 1.8X10 % Pa's
Width 0.4 m
Particle diameter 300 pm
Particle—wall restitution coefficient 0.8
Total simulation time 80 s
Temperature 297 K
Pressure 1 atm
AIChE Journal October 2013 Vol. 59, No. 10
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Figure 2. Spatial and temporal distribution of specular-
ity coefficient (a) variation along the left wall
at t =40 s; (b) time variation at a point 0.15 m
above the bottom distributor on the left wall;
(c) time variation of the spatially averaged
specularity coefficient (Ug = 0.6 m/s; ;i1 = 0.36).

and vertical solid velocity inside the computational domain.
The results of a constant and variable specularity coefficient
are very similar with only minor differences. Further com-
parison is made for the lateral profiles of mean voidage and
solid vertical velocity at the height of 0.25 m above the dis-
tributor, as shown in Figure 4. The negligible differences
between these two approaches of modeling suggest that a
constant value for specularity coefficient can reasonably cap-
ture the particle—wall interaction in a bubbling fluidized bed.
This conclusion can be justified by the small temporal and
spatial variation in the specularity coefficient as shown in
Figure 2.

Only two material properties affect the specularity coeffi-
cient: the normal particle—wall restitution coefficient and par-
ticle—wall friction coefficient, with the Ilatter having a
stronger effect than the former, according to Li and Benya-
hia’s analysis. The friction coefficient is determined by both
particle and wall physical properties, as well as wall rough-
ness. Here, two friction coefficients of 0.36 and 0.09 are
tested, which leads to different specularity coefficients and
different flow hydrodynamics. Figure 5 presents the mean
flow fields of voidage and solids vertical velocity for the su-
perficial gas velocity of 0.6 m/s. Clearly, the flow hydrody-
namics are quantitatively different. From the solids velocity
distribution, a stronger solids backmixing along the wall is
observed for lower particle-wall friction. For a low friction
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Figure 3. Comparison of distributions of (a) mean voi-
dage and (b) vertical solids velocity (Left:
variable specularity coefficient.

Right: constant specularity coefficient) (U,=0.6 m/s;

He=0.36). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com]

coefficient of 0.09, the overall effective specularity coeffi-
cient is 0.0088, which is about an order of magnitude
smaller than that of 0.0746, for the case with a high friction
coefficient of 0.36.

As discussed in previous studies, fluidized bed operating
conditions seem to affect the specularity coefficient (e.g., the
superficial gas velocity). In the current study, three superfi-
cial gas velocities are studied and the overall specularity
coefficient is observed to decrease slightly as the superficial
gas velocity increases (shown in Table 3), which is consist-
ent with the finding reported in the literature.” The overall
specularity coefficients obtained here were used as input
parameters for additional simulations, which produced results
consistent with the variable specularity coefficient model.
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Circulating fluidized bed riser

Parametric study for the specularity coefficient is carried
out first for the circulating fluidized bed riser in which fixed
specularity coefficients values of 0, 0.0005, 0.002, 0.01,
0.05, 0.2, 0.5, and 1 are used. Figure 6 shows the radial pro-
files of mean voidage and solids vertical velocity in the mid-
dle of riser predicted by all different specularity coefficients.
A symmetric core-annular flow pattern is predicted for all
cases; however, different specularity coefficients for the sol-
ids-phase wall boundary lead to quantitative differences.
Overall, the inner flow field is relatively insensitive to the
choice of specularity coefficient, and its influence is limited
to the wall region especially for the solids velocity profiles.
Hence, it is of interest to focus only on the flow field infor-
mation in the wall region to evaluate the effect of the specu-
larity coefficient. Figure 7 compares axial profiles of mean
voidage and vertical solids velocity along the riser wall, pre-
dicted by different specularity coefficients. For the sake of
clarity, only four cases with specularity coefficient of 0,
0.002, 0.2, and 1 are shown in the plots. It can be seen that
both voidage and solids velocity are affected by the choice
of this parameter. However, the solids velocity along the
wall shows more sensitivity to the specularity coefficient,
which will inevitably affect the solids backmixing and reac-
tor performance. In most regions, the results by specularity
coefficient of 0 and 1, corresponding to free-slip and no-slip

0.8
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05 F e o, === Constant ¢

0.7 F

065 F

Variable ¢

----- Constant §

V_s (m/s)

1||1|

0 0.05 0.1 0.15 0.2 0.25
x (m)

(b)

Figure 4. Comparison of the time-averaged lateral pro-
files of (a) voidage and (b) vertical solids ve-
locity for variable and constant specularity
coefficient (Ug = 0.6 m/s; 1 = 0.36).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com]
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Figure 5. Comparison of time-averaged distributions of
(a) voidage and (b) vertical solids velocity for
different particle-wall friction coefficient (Left:
high friction. Right: low friction. U3=0.6 m/s).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com]

boundary conditions, respectively, tend to bind the overall
results. However, this does not hold true for all regions, such
as the solids concentration in the lower region above the sol-
ids inlet. One possible reason is the simulation time is not
long enough to time average the data even though this is

Table 3. Overall Specularity Coefficient and its Standard
Deviation for Cases with Different Superficial Gas Velocities

Superficial gas

velocity U, =02 m/s Uy, =0.3 m/s U, =0.6 m/s

Overall mean 0.0809 0.077 0.0746
specularity

Standard 0.00368 0.00315 0.00345
deviation
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Figure 6. Time-averaged radial profiles of (a) voidage
and (b) vertical solids velocity in the middle
of riser predicted by different specularity
coefficients.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com]

usually the typical simulation duration in most numerical
studies. On the other hand, it should be noted that the inter-
action of the solids flow and the wall is complex and may
not exhibit monotonous behavior with respect to the specu-
larity coefficient. Nevertheless, the results presented in this
study show clear differences in near-wall behavior for differ-
ent values of specularity coefficient.

Next, a similar study at higher solids mass flux has been
carried out in the same circulating fluidized bed riser for
which the variable specularity coefficient is used. Three par-
ticle—wall friction coefficients of 0.58, 0.364, and 0.176 are
tested for the case with a solids flux of 400 kg/m’s. The dis-
tributions of time-average specularity coefficient over the
last 60 s of simulation along the wall for different friction
coefficients are shown in Figure 8. Clearly, the specularity
coefficient increases with the wall friction coefficient. In
addition, low friction tends to show more variation in the
mean specularity coefficient along the wall. Overall, the spa-
tial variation of mean specularity coefficient along the wall
is moderate.

Solids circulation rate is one of the major operating condi-
tions of circulating fluidized bed affecting the flow hydrody-
namics inside the riser, which may influence the mean
specularity coefficient profiles along the wall. To evaluate
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Figure 7. Time-averaged axial profiles of (a) voidage
and (b) vertical solids velocity along the riser
wall predicted by different specularity coeffi-

cients.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com]

this influence, the mean specularity coefficient distribution
along the wall of a low solids circulation rate with solids
mass flux of 50 kg/m?s is compared to the results of high
solids circulation rate for different friction coefficients (see
Figure 9). This comparison shows that the solids circulation
rate does affect the distribution of mean specularity coeffi-
cient. However, the specularity coefficient is more sensitive
to the friction coefficient than the solids circulation rate.
Again, for both solids circulation rates, the spatial variation
of mean specularity coefficient is stronger for the low fric-
tion coefficient. The overall effective specularity coefficients
are calculated for different cases and shown in Table 4; the

0.12
)
01 I~ 7 z
0.08 [ _,/ :
—
=0.06 [
0.04 | ‘—’—’_’/
0.02 - —— =058 s
e 0364
L Il T Il p.,:ﬂ.'l?ﬁ L
09 2 8

Height (m)

Figure 8. Variation of mean specularity coefficient
along the wall for different friction coeffi-
cients (Uy = 7.76 m/s, Gs = 400 kg/m?s).

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com]
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Figure 9. Variation of mean specularity coefficient
along the wall for different friction coeffi-
cients and solids circulation rates.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com]

Table 4. Overall Effective Specularity Coefficients for CFB
riser Simulations with Different Solids Circulation Rates and
Friction Coefficients

Solids flux/friction

coefficient (kg/m?s) = 0.176 pe=0.58
G,=50 0.0386 0.101
Gy =400 0.0278 0.0988

overall effective specularity coefficient decreases slightly as
the solids circulation rate is increased from 50 kg/m’s to
400 kg/m?s.

EP_g
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Figure 10. Time-averaged axial profiles of (a) voidage
and (b) vertical solids velocity along the
riser wall predicted with variable and con-
stant specularity coefficients.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com]
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Table 5. Comparison of Computational Costs of Different Numerical Simulations

Computing Time (s)

Simulation Constant Variable Additional Information

Bubbling bed (U, = 0.6m/s) 187,640 174,402 60 s simulation on 1 Intel Xeon X5550 CPU core @ 2.67 GHz
CFB (G4, =50 kg/mzs) 206,515 194,508 80 s simulation on 16 Intel Xeon E5440 CPU cores @ 2.83GHz
CFB (G, =400 kg/mzs) 385,513 380,827 80 s simulation on 16 Intel Xeon E5440 CPU cores @ 2.83GHz

Again, numerical results with constant specularity coeffi-
cients are compared against those with variable specularity
coefficients. The overall effective specularity coefficient is
calculated by spatial averaging the variable specularity coef-
ficient over all wall cells and temporal averaging during the
last 60 s of the simulation. The mean voidage and solids ve-
locity along the wall are compared for simulations with vari-
able and constant specularity coefficients for cases with
different friction coefficients and solids circulation rates. Fig-
ure 10 shows the comparison for two solids circulation rates
with low friction coefficient, which exhibited stronger varia-
tion in specularity coefficient. Consistent with our earlier
findings in bubbling fluidized bed, a constant specularity
coefficient gives similar results to those using variable spec-
ularity coefficients.

Further discussion

The above analysis found that consistent results can be
obtained with constant and variable specularity coefficients
for both bubbling and circulating fluidized beds. This sug-
gests that an overall effective specularity coefficient might
be sufficient for modeling the tangential interaction between
the solids flow and the wall. However, as suggested by the
results of the variable specularity coefficient model, the dis-
tribution of specularity coefficient along the wall is affected
by operating conditions, such as superficial gas velocity and
solids circulation rate. In addition, the specularity coefficient
is also indirectly influenced by other factors affecting the
flow hydrodynamics such as drag correlation. Hence, partial-
slip boundary conditions with a variable specularity coeffi-
cient should be used for accurate numerical simulation, espe-
cially for predicting transition between different fluidization
regimes. It should be noted that the variable specularity coef-
ficient is developed for interaction between a rapid granular
flow and a flat, frictional wall. Hence, it can only account
for the small-scale roughness indirectly through the frictional
coefficient. However, the resultant strong particle rotations
close to the wall are not considered in Eq. 5 as no such in-
formation is available in most EE simulations. Without
implementing the variable specularity coefficient model into
CFD simulations, it is still possible to roughly estimate the
range of overall effective specularity coefficient based on the
material properties (i.e., friction coefficient and particle—wall
restitution coefficient) by using Eq. 6 to calculate the maxi-
mum value. Compared to the particle—wall friction coeffi-
cient, superficial gas velocity and solids circulation rate
showed a relatively weak influence on the overall specularity
coefficient, and this also facilitated estimating the overall
specularity coefficient beforehand.

When using the variable specularity coefficient, calcula-
tion must be done for each wall cell to update the value of
specularity coefficient. To evaluate the extra computational
cost by the variable specularity coefficient model, computing
times for different cases with constant and variable specular-
ity coefficients are compared in Table 5. It is surprising that,
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for all cases, the computing time for variable specularity
coefficient is slightly shorter than for constant specularity
coefficient. It is thought that calculating a variable specular-
ity coefficient along the wall speeds up the convergence of
the solution, reducing the computing time slightly. There-
fore, we can safely claim that the suggested method of vari-
able specularity coefficient provides additional accuracy
without impacting the speed of the calculations.

The 2-D numerical tests here are conducted to study quali-
tatively the spatial and temporal variation of the specularity
coefficient. Although differences exist between 2-D and 3-D
numerical simulations of gas—solids fluidized bed,lg’20 the
findings of this current study will probably not be altered by
the dimensionality of the problem. Nevertheless, future stud-
ies are planned with realistic 3-D numerical simulations to
confirm the current findings and validate the model against
high-quality experimental data.

Conclusions

The current study demonstrates the importance of solids-
phase wall boundary conditions on predicted flow hydrody-
namics. Specifically, the effect of specularity coefficient used
in Johnson and Jackson partial-slip boundary conditions was
discussed. The recently developed model for variable specular-
ity coefficient was implemented and is available in the open-
source CFD code, MFIX. Through a series of 2-D numerical
simulations of bubbling fluidized bed and circulating fluidized
bed riser, the model was qualitatively evaluated and shown to
predict consistent trends with previous studies in the literature.
The current study examined the spatial and temporal variation
of specularity coefficient. It showed that the interaction
between solids and wall is affected by the operating conditions
such as superficial gas velocity and solids circulation rate.

Furthermore, quantitative comparison between numerical
results of variable and constant specularity coefficients was
carried out to investigate the effect of spatial and temporal
variation in specularity coefficient. It was demonstrated that
both constant and variable specularity coefficient predict
similar quantitative flow hydrodynamics, provided that the
constant value of specularity coefficient is properly set.
Overall, the variable specularity coefficient model provides a
physically meaningful and direct way to estimate the specu-
larity coefficient that the partial-slip boundary conditions
require for the solid phase without increasing the cost of the
computation. For CFD codes that do not provide an easy
way to implement a variable specularity coefficient, this
model also offers a guideline for choosing a rough value for
a constant specularity coefficient based on measurable parti-
cle—wall collision properties.
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