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Three-dimensional (3-D) simulations using an Eulerian multiphase model were employed to explore flow behaviors in a full-loop
industrial-scale CFB boiler with and without fluidized-bed heat exchanger (FBHE), where three solids phases were employed to
roughly represent the polydisperse behavior of particles. First, a simulation of the boiler without FBHE is implemented to
evaluate drag models, in terms of pressure profiles, mixing behaviors, radial velocity profiles, etc. Compared to the conventional
model, the simulation using the energy-minimization multiscale (EMMS) model successfully predicts the pressure profile of the
furnace. Then, such method is used to simulate the boiler with FBHE. The simulation shows that solid inventory in the furnace is
underpredicted and reduced with an increase of the valve opening, probably due to the underevaluated drag for FBHE flows. It is
suggested to improve EMMS model which is now based on a single set of operating parameters to match with the full-loop system.
© 2012 American Institute of Chemical Engineers AICKE J, 59: 1108-1117, 2013
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Introduction

During the past 30 years, circulating fluidized bed (CFB)
combustion has been developed into a mainstream technol-
ogy. To achieve successful design of CFB combustor with
high efficiency and low emissions, scale-up experiencing tri-
als at the bench, pilot, demonstration, and commercial scale
is very costly. Therefore, the application of modern simula-
tion tools, like computational fluid dynamics (CFD), can be
of vital importance to the scale-up of CFB boilers.

In general, two different approaches might be used for the
simulation of gas—solid flows in CFB systems, namely the
Lagrangian or the Eulerian approach. Comparatively, the
Eulerian approach is more acceptable for industry applica-
tions because of the advantage in computation expense.' The
publications about CFB modeling in a Eulerian way may be
further subdivided into those that only consider the hydrody-
namic behavior, and the others that also investigate the com-
bustion phenomena. A very good predication of the combus-
tion process relies on a reasonable flow model. However,
many early relevant simulations are based on the simplified
or empirical flow model due to immature numerical techni-
ques or limited computational resources.” ™ Recently, there
are some attempts to analyze the steady or dynamic combus-
tion behaviors based on a comprehensive flow model with a
simultaneous solution of the conservation equations of each
phase of fluid flow.>® However, most of those simulations
are restrained to the single furnace or chamber. Zhang
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et al.”™ first reported the 3-D full-loop simulation of a large-
scale CFB boiler, and pointed out that the full-loop simula-
tion has an advantage over the simulation of only one part
of CFB boiler, since much detailed information in terms of,
for example, the dynamic mixing of gas and solid fuels both
horizontally and vertically, the effects of various nonuniform
geometries, especially the pressure balance over the whole
loop of CFB circulation can be obtained. Such a formidable
task requires high-computation recourses. It cannot be real-
ized until. Recent research’ found that the multiscale CFD
approach (EMMS drag model is integrated into the Eulerian
multiphase model) seems to reach a mesh-independent solu-
tion of the subgrid structure, and, thus, hopefully would real-
ize a success in the full-loop simulation of an industrial-scale
boiler using affordable computation resources.

The main goal of this study is to realize such simulations
of a full-loop industrial-scale CFB boiler with and without
FBHE and further probe into the hydrodynamic behaviors of
gas and solid phase. The second goal is to seek suitable drag
models for fitting for the full-loop system where multiple
flow regimes usually coexist.

Numerical Description
Governing equations

The simulations were performed at the platform of FLU-
ENT®6.3. The multiphase Eulerian granular model was used
to study the flow behavior in the boiler. The drag coefficient
was reported to be affected significantly by inhomogeneous
structures and hence had the dominant role in simulation
predictions.m_15 Therefore, two different drag coefficients
with and without considering the particle clustering, i.e.,
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Table 1. Formulas of Hy, for the CFB Boiler (p, = 2598.4 kg/m’, p, = 0.315 kg/m’, p, = 4.55¢-5 Pas,
d, = 129.74 pm, U, = 7.236 m/s, G, = 39.2 kg/(n” §), &mr = 0.4, &may = 0.9997)

Formulae (Hp = a(Re,+b), 0.001 < Re, < 1000)

Range (e, < g, < 1)

2
a=0.12621 + 0.51327 exp (—0.5 (M) )

0.4 <& <0.51228

0.51228 < &, < 0.60826

0.05325
c=0
0.64769

a = 0.06022 + ]

1 + (gg/0'54069)38,)5056
b= 126148 — 1.25109 | _ 1

(1 + exp(— (g, — 0.49842)/0.00835)) (1 + exp(— (2 — 0.68685)/0.03593))
¢ =0.27698 — 0.298

1+ (8,/0.55363) 7"

a= 1/(15.09342 - 13.314868302771)

0.60826 < g, < 0.9904

b = —52.05197 + 346.18273¢, — 914.53136£§ + 1202.330878; — 786.522]38§ +204.8261 lsf,

¢ = 1/(3:51503 +3.1596¢3414)

a=052193 + 0.8812

0.9904 < &, < 0.9997

0.22085
b = 0.47595 —
1+ (6,/0.99504) 17010

2
B &g — 0.99841
¢ = 0.13788 — 0.07951 exp <0.5 (W

a=1,¢c=0

1
1 —
1+ exp(—(g — 0.99662)/0.00112) ( 1+ exp(—(g — 0.99752) /0.0()006))

0.9997 < g, < 1

EMMS-based model and Ergun/Wen and Yu, respectively,
were evaluated in this study. It is worth noting that the non-
uniform structures also influence the solid stress and viscos-
ity.">! However, compared to the interphase momentum
transfer correlations, the effect of solid stress and viscosity
models seems less important. Our previous simulation of a
2-D riser using the kinetic theory of granular flow (KTGF)
revealed the similar results of Yang et al. using the empirical
correlations of solids stress and visocity.”!” In this study, we
use KTGF to describe solid-phase pressure and viscosity.

Drag model

Drag force plays an important role in simulation
results. In the momentum transport equations, the drag
force is represented by the term Pug;, where, f is the
interphase momentum exchange coefficient and has many
correlations.

In this study, two correlations of drag coefficient were
compared. One is a combination of the work of Ergun and
Wen and Yu, which was given by Gidaspow.'® The equa-
tions are written as follows

p= %CDO 8s5gpg|;pg — v 26 (5, > 0.8)

(1—¢)

2, ey
8
s’ +1.75

(1— sg)pg|vg — vS|
dy

B =150 (6, < 0.8)

with
24(1 + 0.15Re%687
( s ) for Re, < 1000,
s 2)
Cpo = 0.44  for Re, > 1000

Cpo =
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The other is obtained from EMMS-based model.” This
EMMS-based model is simplified from the model of Wang
and Li' and expressed by

3 Es8gPo|Ve — Vs| _
p=3Coo—— g‘d s~ &~ Hp, 3)
P

Where Hp, is defined as f/fo (fo: Wen and Yu) to account
for the hydrodynamic disparity between homogeneous and
heterogeneous fluidization. Hp, is first calculated with EMMS
model” and stored in a matrix. To facilitate its usage, before
running simulation, it is regressed into a series of functions,
as our previous work.”?’ Table 1 summarizes the formulas
of Hp under the operating conditions, which will be detailed
later. It is worth noting that the operating parameters, i.e.,
U, and G, are based on the cross section of the upper
furnace, and the particle dia. d,, is the mean diameter based
on the size distribution of ash particles before simplification.

Geometry and mesh

The CFB boiler shown in Figure 1 was designed by ALS-
TOM, consisting of a two-stage furnace, a cyclone separator, a
U-type valve and FBHE. The furnace is about 24.5 m high and
3.15 m LD. for the lower furnace. The cross-sectional area of
the upper furnace is 3.96 m x 3.96 m. This boiler was estab-
lished in Chatham, New Brunswick, Canada. ALSTOM
provided the operating conditions and experimental data. The
relevant experiment procedure can refer to Couturier et al."*

Because solids inventory in FBHE is constant, first, a
simplified geometry without FBHE as shown in Figure la
is employed to evaluate drag models, where the gas flow
from FBHE is compensated through the entry £4 to keep
consistent with the original total gas flow rate. Second, the
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(a)
Figure 1. Schematic diagram of the 3-D reactors, 1- primary air inlet, 2-lower secondary air inlet, 3-fuel chute, 4-
FBHE air, 5-upper secondary air inlet, 6-fluidized air for seal pot, and 7-pressure outlet.

(b)

(a) Geometry 1, neglecting FBHE, the corresponding air flow is compensated through the inlet £4, and (b) geometry 2, including
FBHE, the red circle is the valve between the seal pot and FBHE. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

Table 2. Physical Properties of Air and Particles

Air density pg, kg/m’ 0315
Air viscosity i, Pa-s 455%107°
Particle density p,, kg/m’ 2598
d, Mass ratio
Particle diameter d, (um) S1 646 6.73
and mass ratio (%) S2 117 92.66
S3 24 0.61

more genuine geometry with FBHE shown in Figure 1b is
simulated to explore the flow behavior as well as the influ-
ence of the opening of the valve between FBHE and the
seal pot.

Gambit®2.4 is used to mesh the boiler. The hexahedral
meshes are generated for most parts of the whole device,
and tetrahedral meshes for the transition sections. The total
grid number for geometries 1 and 2 is about 810,000 and
980,000, respectively.

Simulation settings

Figure 1 shows the geometries and the corresponding
boundary settings. There is one primary air inlet, eight lower
secondary air inlets (only two of them are open in this simu-
lation), two fuel chutes, two fluidized air inlets, two upper
secondary air inlets and one pressure outlet.

Fluent®6.3 is used as the solver, where an Eulerian multi-
phase model was employed. Table 2 shows the physical proper-
ties of gas phase and particles. The particles with a wide size
distribution are divided into three groups to simulate the poly-
disperse behavior better. At the beginning, roughly 14,505.2 kg,
576.5 kg and 31,660 kg particles are packed in the furnace, seal
pot and FBHE, respectively, and let the solids outflow recircu-
late into the furnace through the inlet 4 and inlet 3 for geometry
1 and geometry 2, respectively. If FBHE is not considered, the
corresponding initial packed particles are also excluded. The gas
flow rate for each inlet is presented in Table 3. More simulation
settings are summarized in Table 4. The solids concentration in
the furnace is continuously monitored. When it reaches the
steady state, the process of time averaging is initiated. Gener-
ally, all cases are implemented for approximately 50 s in total,
and latter 20 s are used for achieving the time-averaged data.

Table 3. Air Velocity for each Inlet

Geometry 1 Geometry 2
1D Air inlet Quantity Air flow rate, kg/s Solids con. & Air flow rate, kg/s Solids con. &
1 PA 1 9.321 0 9.321 0
2 LSA (south) 2 0.511 0 0.511 0
3 Fuel chute 2 0.511 0 0.511 0.3
4 Fluidized air 1 4.033 0.6 3.599 0
5 Upper sec. air 2 20.077 0 20.077 0
6 Air for seal pot 1 1.332 0 1.766 0
Total 35.785 35.785
1110 DOI 10.1002/aic Published on behalf of the AIChE April 2013 Vol. 59, No. 4 AIChE Journal



Table 4. Simulation Settings in Fluent

4
First-order upwind
Syamlal-obrien-symmetric
Refer to section Drag model

Numbers of phases

Momentum & Volume discretization
Drag coefficient (solid-solid)

Drag coefficient (gas-solid)

‘Wall boundary No-slip
Pressure outlet 1 atm
Granular temperature Algebraic
Granular viscosity Gidaspow
Granular bulk viscosity Lun et al.
Frictional viscosity Schaeffer
Frictional pressure Based-ktgf
Angle of internal friction 30.00007
Solids pressure Lun et al.
Radial distribution Lun et al.
Restitution coefficient 0.9
Packing limit 0.7
Time step 5%107* s

Simulation of the Boiler without FBHE: Evaluation
of Drag Models

Distribution of solids volume fraction and pressure

As mentioned previously, first, a simplified geometry is
used for testing drag models. Figure 2 compares the

Solid phase | Solid phase 2
(=646 pum) (dy=117 pm)
Con. Con.
0.050 0.050
B 0.045 0.045
0.040 0.040
—1 0.035 | 0.035
0.030 0.030
0.025 0.025
0.020 0.020
0.015 0.015
0.010 0.010
0.005 0.005
0.000 0.000
Solid phase 1 Solid phase 2
(d,;=646 um) (d,=117 pm)
Con. Con.
0.050 0.050
H 0.045 0.045
= 0.040 — 0.040
1 0035 0.035
0.030 0.030
0.025 0.025
0.020 0.020
0.015 0.015

0.010 0.010

0.005 0.005

0.000 0.000

(b)
Figure 2. Snapshots of solids volume fraction (the solids concentration higher than 0.05 and 0.001 for solid phases
1 and 2, and solid phase 3, respectively, is also denoted in red color): (a) using Ergun/Wen and Yu model;
(b) using EMMS-based model.

transient distributions of solids volume fraction using both
drag models. When the Ergun/Wen and Yu model is used,
most particles are accumulated in the cyclone bottom while
much less reside in the furnace. Comparatively, a larger
number of particles are found to be nonuniformly distrib-
uted in the furnace when using EMMS-based model. Figure
3 illustrates the time-averaged pressure profile along the
center line throughout the full-loop device, showing the
difference between the distribution of solids inventory in
the furnace and in the cyclone. The pressure drop for the
cyclone is roughly more than three times that for the fur-
nace when using Ergun/Wen and Yu model, while the pres-
sure drop for both the cyclone and the furnace seems quite
close if EMMS-based model is employed. To compare the
pressure data with the experiment more directly, the calcu-
lated pressure profiles of the furnace using both models are
delineated in Figure 4 where the measured values are indi-
cated by the back dots. The comparison shows that
EMMS-based model agrees well with the experiment at
most elevations, while Ergun/Wen and Yu model only pro-
vides reasonable results above 2.5 m, but predicts much
lower pressure at lower elevations. The pressure drop
between elevations at 0 and 22.5 m using Ergun/Wen and

Solid phase 3
(dp=24 pm)
Con.
0.0010
0.0009
0.0008
1 0.0007
0.0006
0.0005
0.0004
0.0003
0.0002
0.0001

0.0000

Solid phase 3

(dy=24 pm)
Con.

0.0010

0.0009
= 0.0008
— 0.0007

0.0006

0.0005

0.0004

0.0003

0.0002

0.0001

0.0000

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 3. Simulated pressure balance in the full boiler

(“0” in the z-direction is the position of the
distributor above the plenum.
H is the total height of the furnace, Y is the distance
between the centers of the furnace and the cyclone. The
pressure data were obtained from the centerline of the
furnace, cyclone inlet, cyclone, seal pot and dipleg): (a)
using Ergun/Wen and Yu model; (b) using EMMS-based
model. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Yu model (/5,400 Pa) is nearly 39.5% of the experimental
value (/13,800 Pa).

Mixing behavior of three solid phases

Average particle diameter is often used to characterize the
mixing behavior to some extent.”>* Figure 5 illustrates the
variation of cross-sectional average particle dia. d,p along
the furnace height, where d,y. and d,,. represent the aver-
age particle diameter calculated from the size distribution of
the entire granulate mixture at a given elevation and in the
whole bed, respectively. Thus, when d,y., is much closer to
dave, the bed is mixed better. Since the solid phase with the
smallest diameter (S3) accounts for a very small percentage,
this solid mixture can be considered to be nearly binary (S1
and S2). If d,y. is greater than d,,., the larger particles (S1)
increases. Conversely, when dayepn is less than d., the
smaller particles (S2) become more intense.

1112 DOI 10.1002/aic
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Figure 4. The comparison of the simulated axial pro-
files of pressure in the furnace and the exper-
imental data.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 5. Axial profiles of cross-sectional average parti-
cle diameter d,.. in the furnace (each posi-
tion is scaled by the furnace height), d,y.n and
dave (~120.7 um) represent the average particle
diameter calculated from the size distribution
of the entire granulate mixture at a given eleva-
tion and in the whole bed, respectively.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 6. Radial profiles of average particle diameter at three elevations of the furnace (H is total height of the fur-
nace, Y is the width of the furnace. x = 0): (a) z/H = 0.041; (b) z/H = 0.204, and (c) z/H = 0.653.

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

Generally, as shown in Figure 5, the average particle di-
ameter predicted by both models seems relatively smaller
in upper furnace while larger at bottom. Compared to the
total average dia. d,,., the cross-sectional average particle
dia. dpyen at most elevations are larger, implying that
larger particles (S1) tends to reside in the furnace while
smaller particles (S2) are more readily blew away. For
almost all the elevations, the cross-sectional average dia.
daven predicted by EMMS model is much closer to d,ye
than Ergun/Wen and Yu model. This means that the simu-
lation with EMMS model captures the better mixing
behavior in the furnace. However, relevant experiment is
not available to evaluate such mixing behavior of polydis-
perse particles.

Figure 6 delineates radial profiles of the average diameter
at three heights. Larger diameters appear near the wall, espe-
cially at higher elevations, implying that larger particles are
easier to fall down along the wall than the small particles.
This tendency is not so obvious at the lower position, prob-
ably due to the influence of secondary air inlets and other
supply entries.

Radial velocity profiles

Figure 7 compares the radial profiles of velocity of each
phase using both drag models. It is clear to see that for both
models, the velocity difference between gas and solid phase
1 are evident at all three elevations. When using Ergun/Wen
and Yu model, the velocities of gas, solid phases 2 and 3
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Figure 7. Radial profiles of the axial velocity of each phase at three elevations (H is the total height of the furnace,
Y is the width of the furnace. x = 0): (a) using Ergun/Wen and Yu model; (b) using EMMS-based model.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 8. Comparison of calculated downward particle velocity near the wall and the measured values at three ele-
vations (H is the total height of the furnace, Y is the width of the furnace.

x = 0): (a) z/H = 0.46; (b) z/H = 0.76, and (c) z/H = 0.91. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

almost overlap for each elevation. By comparison, such
overlap only appears at the higher position (z/H = 0.653)
when using EMMS-based model, implying that in the upper
furnace exists an extremely dilute flow. In addition, large ve-
locity differences between gas and other three solid phases
can be observed clearly at the height of z/H = 0.041,
suggesting the presence of particle clusters in the furnace
bottom.

Downward particle velocity near the wall

Generally, stronger back mixing appears with larger
downward particle velocity near the wall. Figure 8§ compares
the calculated particle velocity near the wall and the meas-
ured values. It can be found that the downward particle
velocities near the wall provided by EMMS-based model are
much larger than from Ergun/Wen and Yu model, showing
more reasonable agreement with the experiment. We note
that at the position of z/H = 0.76, the difference between
simulated particle velocity near the wall and the measured
downward velocity is bigger than at other two positions, and
what is more, Ergun/Wen and Yu model predicts positive
particle velocity near the wall. This position is just below
the cyclone inlet, so we guess that the abrupt acceleration
due to the shrinking mouth strongly disturbs the particle
motion and also influences the measurement.

Solids flux

Figure 9 compares the calculated solids flux with the ex-
perimental data. The measured value is about 40 kg/(m2 S).
The simulated values are 47 kg/(m2 s) and 55 kg/(m2 s) for
using Ergun/Wen and Yu model and EMMS-based model,
respectively, a little higher than the measured data. This dis-
crepancy is more probably induced by the simplification of
particle-size distribution. Recent researches point out that
particle polydispersity has an influence on solids stress®> =’
and also on the drag coefficient.”® Therefore, it is necessary
to account for the effect of polydisperisty in the computa-
tional fluid dynamic (CFD) simulation when the particles
with a wide size distribution are involved.

Simulation of the boiler with FBHE: evaluation
of valve opening ratio

For the boiler with FBHE, the opening ratio of the valve
between the seal pot and FBHE is very critical. In practice,

1114 DOI 10.1002/aic
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the opening of the value is often adjusted within a range due
to the online operating situation. Therefore, the accurate
value for the opening ratio is not easy to obtain. In the fol-
lowing simulations, two different opening ratios, i.e., 1.5625
and 25% (the smallest circle and the middle circle is open,
respectively, refer to Figurelb), are chosen for investigating
its impact on flow behaviors. For calculating gas—solid drag
coefficient, EMMS-based model is used according to the
above parametric study.

Distribution of solids volume fraction

Figure 10 shows the snapshots of solids volume fraction
over the whole bed. It is clear to see that the solids volume
fraction in FBHE increases significantly and simultaneously
decreases for the furnace when expanding the valve opening
ratio. It is worth noting that the particles are quite very
scarce in the top FBHE, leading to the very little mass flow
rate of particles from FBHE to the furnace. This could be
caused by the underevaluated drag coefficient for FBHE,
which is now based on operating parameters for the furnace.
Because the furnace flow operates in a fast fluidization

100
——Ergun/Wen & Yu
—————— EMMS
80
o
E
k=)
=4
x
3
=
Sy 8 (O W, 2 17 OB 0, R | e . | (e [ (RO, 0y O,
i
S Experiment
(%]
204

0 T T T T Y
10 20 30 40 50

Time (s)

Figure 9. Comparison of circulating solids flux (based
on the cross-sectional area of the upper fur-
nace) using Ergun/Wen and Yu model and
EMMS-based model.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 10. Snapshots of solids volume fraction (the solids concentration greater than 0.05 and 0.001 for the solid
phases 1 and 2, and solid phase 3, respectively, is also denoted in red color): (a) with valve opening ra-
tio of 1.5625%; (b) with valve opening ratio of 25%.

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

regime where the particles generally move in the form of
clusters, the corresponding drag coefficient is reduced signif-
icantly compared to that for the homogeneous state. How-
ever, FBHE flow runs in near bubbly or turbulent flow re-
gime, showing more homogeneous flow structures compared
to the fast fluidization. Therefore, the dependence of this
drag coefficient on a single set of operating parameters may
be modified to match with such a full-loop system where
multiple subsections have variable flow states. Those rele-
vant studies are under way.

After a period of computation, the ratio of each solid
phase in different parts of the boiler experiences a change.
Table 5 lists the ratio of each solid phase in the furnace, the
cyclone and FBHE. Compared to the original situation, the

Table 5. Mass Ratio of Each Solids Phase

ratio of large particles (S1) increases greatly for the furnace,
and the second large particles (S2) and small particles (S3)
are found to increase in the cyclone.

For the valve with larger opening ratio, the second large
particles (S2) in the furnace are reduced greatly compared to
that for the valve with a smaller opening. This implies that
those particles are more likely to move into FBHE and little
of those are returned into the furnace. Therefore, to maintain
the high-circulating solids flow rate, particles in FBHE
should be entrained high enough to enter the furnace.

Pressure distribution

Figure 11 compares the pressure along the central line of
the whole boiler for both simulations. When the opening

in the Furnace, the Cyclone and FBHE

Mass ratio (furnace, %)

Mass ratio (cyclone, %) Mass ratio (FBHE, %)

Original Valve 1 Valve 2 Valve 1 Valve 2 Valve 1 Valve 2
Particle phase ratio (%) (1.5625%) (25%) (1.5625%) (25%) (1.5625%) (25%)
S1 (dp, = 646 um) 6.73 8.24 11.77 3.68 5.16 6.60 6.15
S2 (d, = 117 pm) 92.66 91.17 87.58 95.23 93.58 92.82 93.28
S3 (d, = 24 um) 0.61 0.59 0.65 1.09 1.26 0.58 0.57
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Figure 11. Simulated pressure balance in the full boiler
(“0” in the z-direction is the position of the
distributor above the plenum).

H is the total height of the furnace. Y is the distance
between the centers of the furnace and the cyclone.
The pressure data were obtained from the center line
of the furnace, cyclone inlet, cyclone, seal pot and dip-
leg): (a) with valve opening ratio of 1.5625%; (b) with
valve opening ratio of 25%. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

3x10°

ratio of the valve increases from 1.5625 to 25%, it is found
that the pressure drops for both the furnace and the cyclone
are reduced significantly while the pressure in the seal pot
correspondingly increases. This means that particles are
more easily to move into FBHE with expanding the valve
opening.

Summary

For the full-loop simulation of the boiler without FBHE,
the EMMS-based model and Ergun/Wen and Yu model are
evaluated. The former captures more heterogeneous struc-
tures, reasonable downward particle velocities near the wall
and also predicts successfully the pressure profile of the
furnace. For behaviors of polydisperse particles, the

1116 DOI 10.1002/aic
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EMMS-based model shows the better mixing of particles
with different sizes than the Ergun/Wen and Yu model. The
relevant experiment is required to evaluate such predictions
of both models in mixing behaviors. In addition, both mod-
els slightly over-predict the solid flux probably because of
the oversimplification of particle-size distribution. The effect
of polydispersity is suggested to be considered in our later
simulation of coal combustion.

For the simulation of the boiler with FBHE using the
EMMS-based model, the pressure drop for both the furnace
and cyclone is reduced significantly when the opening ratio
of the valve increases from 1.5625 to 25%. The flow in
FBHE is not fluidized well enough. This is likely due to the
underpredicted drag coefficient for FBHE. Probably, this
EMMS-based drag model based on the single set of operat-
ing parameters needs improvement to fit for the full-loop
system where multiple flow regimes are generally coexistent.
The further relevant work is still under way.
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Notation

d.. = average particle diameter based on the size distribution of the
entire granulate mixture at in the whole bed, m
dyen = average particle diameter based on the size distribution of the
entire granulate mixture at a given elevation, m
d, = particle diameter, m

G, = solids flux, kg/mz-s
H = total height of furnace, m
Hp = heterogeneity index
Reg = Reynolds number, d,Usipps/ i
U, = superficial gas rate, m/s
v = real velocity, m/s

Greek letters

B = drag coefficient with structure in a control volume, kg/m® s
Po = drag coefficient without structure in a control volume, kg/m? s
&, = voidage

&, = solids concentration

incipient voidage

emax = Maximum voidage for particle aggregation
= viscosity, Pa-s

¢ = mixing index

Subscripts
g = gas phase
s = solid phase
p = particle

(Bold characters are for vectors or tensors)
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