
3
b

N
a

b

a

A
R
R
A

K
C
C
M
S
F
H

1

c
t
q
o
i
r
p
(

b
p
s
m
[
(
s
[
d
g
p

1
d

Chemical Engineering Journal 162 (2010) 821–828

Contents lists available at ScienceDirect

Chemical Engineering Journal

journa l homepage: www.e lsev ier .com/ locate /ce j

D CFD simulation of hydrodynamics of a 150 MWe circulating fluidized
ed boiler

an Zhanga,b, Bona Lua,b, Wei Wanga,∗, Jinghai Li a

Institute of Process Engineering, Chinese Academy of Sciences, Zhongguancun Beiertiao 1, Haidian District, Beijing 100190, China
Graduate University of the Chinese Academy of Sciences, Beijing 100049, China

r t i c l e i n f o

rticle history:
eceived 5 February 2010
eceived in revised form 23 June 2010
ccepted 25 June 2010

a b s t r a c t

An Eulerian granular multiphase model with a drag coefficient based on the energy minimization multi-
scale (EMMS) model was used to perform a three-dimensional (3D), full-loop, time-dependent simulation
of hydrodynamics of a 150 MWe circulating fluidized bed (CFB) boiler. Simulation results were presented
in terms of the pressure profile around the whole loop of solids circulation, profiles of solids volume
eywords:
FD
irculating fluidized bed
ultiphase flow

imulation

fraction and solids vertical velocity, as well as the non-uniform distribution of solid fluxes into two
parallel cyclones.

© 2010 Elsevier B.V. All rights reserved.
luidization
ydrodynamics

. Introduction

Owing to the advantages of low emission and fuel flexibility,
irculating fluidized bed (CFB) boilers for utility power genera-
ion have been increasing in the past decades in both capacity and
uantity. Proper design and scale-up of a CFB boiler rely heavily
n its hydrodynamic understanding. To this end, experimentation
s certainly an approach, while numerical simulation is another,
eceiving growing interest with the rapid development of com-
utational technologies, especially computational fluid dynamics
CFD).

Reported simulations of CFB boilers in literature are mostly
ased on empirical models, from which we can see a growing com-
lexity in terms of multiphase flow hydrodynamics. For example,
tarting with a combination of zero-dimensional solid mass balance
odel and a one-dimensional (1D) gaseous and solid species model

1], Hyppänen’s group have recently turned to three-dimensional
3D) description of gaseous and solid species [2–4] and presented
imulations of different boilers ranging from 15 MWe [2], 235 MWe
3], up to 460 MWe utility facilities [4]. Based on empirical flow
istribution and combustion behavior in the furnace, Werther’s
roup have developed a comprehensive, 3D boiler model involving
rimary fragmentation, char population balance, devolatilization

∗ Corresponding author. Tel.: +86 10 82616050; fax: +86 10 62558065.
E-mail address: wangwei@home.ipe.ac.cn (W. Wang).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2010.06.033
and combustion, etc. [5–7], in which the furnace was divided into
four zones according to the flow characteristics, each with indi-
vidual module. This model has been applied to a 12 MWth boiler
constructed in Chalmers University of Technology, Sweden. The
influence of mixing and geometry on the overall performance was
emphasized with validation against measured data. Pallares and
Johnsson [8,9] divided CFB boiler into six zones in their reports,
reflecting different understanding of the hydrodynamics inside
boilers. In practice, how to appropriately describe the hydrodynam-
ics with empirically reduced models remains a challenge, especially
for the complex system like a CFB boiler with strong coupling
between different zones around its entire loop.

CFD simulation enables more detailed hydrodynamics descrip-
tion and thus receives growing attentions in recent years [10–12].
Flour and Boucker [10] reported simulations of an industrial CFB
test-rig by using the code ESTET-ASTRID, in which they proposed
a new definition of mean diameter to better close the drag force
and introduced a porosity model estimating the pressure drop on
the fluidization regime. Xiao [11] presented a CFD simulation of a
135 MWe CFB boiler with a corrected drag force model, and com-
pared his results with measured data. Hartge et al. [12] presented
3D CFD simulations of a pilot-scale CFB riser with rectangular cross
section and found those simulations with a drag coefficient cor-

relation from the energy-minimization multi-scale (EMMS) model
predicted the dense bottom zone very well.

Current CFD simulations are usually performed only for the fur-
nace chamber [10–12] and even with 2D simplifications, there are
only a few reports with regard to 3D, full-loop simulation of CFBs

dx.doi.org/10.1016/j.cej.2010.06.033
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:wangwei@home.ipe.ac.cn
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Nomenclature

Cd drag coefficient
ds particle diameter (m)
ess coefficient of restitution for particle collisions
g gravitational acceleration (m/s2)
g0 radial distribution function, dimensionless
Gs solid flux (kg/(m2 s))
Hd heterogeneity index of the drag coefficient correc-

tion
I2D second invariant of the deviatoric stress tensor
p pressure (Pa)
Re Reynolds number
Ug superficial gas velocity (m/s)
v real velocity (m/s)

Greek letters
˛ volume fraction
��s collisional dissipation of energy (kg/(m s3))
ˇ interphase momentum exchange coefficient

derived from EMMS/matrix (kg/(m3 s))
ˇ0 interphase momentum exchange coefficient

derived from Wen and Yu [20] (kg/(m3 s))
�s granular temperature (m2/s2)
k�s diffusion coefficient of energy (kg/(m s))
� bulk viscosity (kg/(m s))
� shear viscosity (kg/(m s))
� density (kg/m3)
� stress–strain tensor (Pa)
� angle of internal friction (◦)

Subscripts

[
d
o
o
r
b
a
b
A
t
d
o
d
b
d
a
u

2

2

t
w
c
c
A

g gas phase
s solid phase

13–15]. To better understand the CFB boiler behavior, we need
etailed information in terms of, for example, the dynamic mixing
f gas and solid fuels both horizontally and vertically, the effects
f various non-uniform geometries such as coal-feed inlets, solid-
eturn valves and secondary air-injection nozzles, and the pressure
alance over the whole loop of CFB circulation. All these consider-
tions necessitate 3D, full-loop CFD simulations, which may even
e viewed as “virtual experimentation” if with reliable models.
recent attempt of us has showed the advantages of such vir-

ual experimentation with detailed validation against experimental
ata on a pilot-scale cold-model CFB [15]. This paper is to extend
ur experience on virtual experimentation to investigate the hydro-
ynamics around the entire loop of an industrial 150 MWe CFB
oiler. Simulation results were showed in terms of profiles of solids
istribution, non-uniform distribution of solid fluxes into two par-
llel cyclones and so on. This work can be expected to help better
nderstand the overall behavior of CFB boilers.

. Model

.1. Governing equations

The Eulerian granular model in Fluent®6.3.26 was used to study
he flow behavior in the boiler, in which the stress of the solid phase

as described with the kinetic theory of granular flow; the drag

oefficient correlation was corrected with consideration of particle
lusters. More details of the governing equations can be found in
ppendix A.
g Journal 162 (2010) 821–828

2.2. Drag coefficient correlation

Under the framework of the EMMS model [16], the hetero-
geneous gas–solid flow in each grid was characterized with the
solid-rich dense phase, the gas-rich dilute phase and their meso-
scale interface. The effective gas–solid momentum exchange owing
to this sub-grid structure is lower than that for uniform suspensions
[17–19]. To characterize this structure-induced decrease, Wang
and Li [18] defined a heterogeneity index Hd as:

Hd ≡ ˇ

ˇ0
,

where ˇ is the interphase momentum exchange coefficient cal-
culated from EMMS/matrix model, and ˇ0 is the interphase
momentum exchange coefficient derived from Wen and Yu [20]
for uniformly distributed particles, as follows:

ˇ0 = 3
4

Cd
˛s˛g�g|vs − vg|

ds
˛−2.65

g .

Table 1 summarizes the fitted correlation of Hd for a typical
set of operating conditions. This Hd was obtained by using the
two-step scheme of EMMS/matrix model [18,21], and the cluster
diameter dcl, one of the key parameters therein, was obtained using
the method in reference [19]. The two-step scheme here was used
to save time, and the drag coefficient from EMMS/matrix can also
be coupled into the Eulerian granular model directly during the
calculation.

2.3. Geometry and mesh

The 150 MWe CFB boiler was designed by Harbin Boiler Co. Ltd.
and installed in Guangdong, China. It was a natural-circulation,
480 t/h boiler, as shown in Fig. 1, mainly consisting of a furnace,
two high-temperature adiabatic cyclone separators and naturally-
balanced U-type return valves. The main cross section of the furnace
is a rectangle of 15.32 × 7.22 m2; the chamber height is 36.5 m;
the diameter of the two cyclones is 8.08 m; each return leg is con-
nected with a return valve, through which the solid materials are
distributed into two pipes, each with a coal-feed inlet, back to the
furnace. Besides the primary air inlets from the bottom, there are
26 secondary air inlets located at the inclined bottom walls, two at
each side walls, the other 22 distributed at three heights of the front
and the back walls. In addition, two slag-cooler inlets are located
at the front of the inclined bottom wall.

The simulation domain covers the whole loop of the solid mate-
rial as shown in Fig. 1. For convenience, the primary air was
assumed to enter the furnace in plug flow from the whole bottom of
the furnace and the loop-seal aeration was also simplified into plug
flow from its bottom. The solid materials exiting from the cyclone
outlets were returned via the coal-feed inlets to balance the solid
inventory in the boiler.

The boiler was divided into several blocks, in which e.g. the
connections between air inlets and the furnace were meshed with
polyhedron, and the others were meshed with hexahedron, all with
size scale of 0.1 m. The surface mesh is shown in Fig. 2. The origin
point is set at the center of the primary inlet at the bottom of the
furnace; the x-axis is along the front-to-back wall direction (width
direction); the y-axis is along the side-to-side wall direction (depth
direction), and the z-axis is against the gravity direction.

2.4. Simulation settings
The boiler was considered operated at the design temperature
of 917 ◦C, and atmospheric pressure, which means that the gas
phase was set with a density of 0.2928 kg/m3 and a viscosity of
4.71 × 10−5 kg/(m s). The solid phase was set with a diameter of
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Table 1
Heterogeneity index calculated for a CFB boiler with (Ug = 5.25 m/s, Gs = 5 kg/(m2 s), ds = 0.2 mm), Hd = A(Re + B)C/Hd,max,
Hd,max = 1.376.

0.65 < ˛g ≤ 0.712
A = −0.70 + 3.35 × ˛g − 5.36 × ˛2

g + 2.93 × ˛3
g

B = 107.42 − 509.47 × ˛g + 799.18 × ˛2
g − 414.05 × ˛3

g

C = 3.87 − 16.80 × ˛g + 29.54 × ˛2
g − 17.62 × ˛3

g

0.712 < ˛g ≤ 0.976
A = 0.99 − 2.09 × ˛g + 0.08 × ˛2

g + 1.33 × ˛3
g

B = 25.28 − 79.46 × ˛g + 83.31 × ˛2
g − 29.12 × ˛3

g

C = 0.91 + 4.52 × ˛g − 11.89 × ˛2
g + 6.76 × ˛3

g

0.976 < ˛g ≤ 0.998
A = 22899.63 − 69915.92 × ˛g + 71155.28 × ˛2

g − 24138.87 × ˛3
g

B = 53478.28 − 162356.87 × ˛g + 164292.53 × ˛2
g − 55413.85 × ˛3

g

C = −39578.26 + 120883.43 × ˛g − 123073.51 × ˛2
g + 41768.94 × ˛3

g

˛g ≤ 0.65 or ˛g > 0.998 Hd = 1

le loop

0
T
a
a
t
p
o
s

Fig. 1. Geometry of the who

.2 mm and a density of 2000 kg/m3 based on empirical data [11].
able 2 summarizes solids properties and Table 3 the boundary
nd initial conditions. The gas velocities at different inlets were set
ccording to the designed gas flow rates, while the solids veloci-

ies at the coal-feed inlets were set according to the solid fluxes
redicted at the two cyclone outlets by using UDF. At the cyclone
utlets, atmospheric pressure was prescribed. At the walls, the no-
lip boundary condition was used for the gas phase and a partial slip

Table 2
Solids properties.

Properties Setting

Density 2000 kg/m3

Diameter 2 × 10−4 m
Granular temperature Phase propertya

Granular viscosity Gidaspowa

Granular bulk viscosity Lun et al.a

Frictional viscosity Schaeffera

a Optional items of solids properties in Fluent®6.3.26.
of the 150 MWe CFB boiler.

model [22] was selected with a specularity coefficient of 0.6 for the
solid phase. It is difficult to precisely estimate the initial packing
height of solids for a given pressure drop, �p, because the solid
materials in the return legs and cyclones are difficult to budget. By
trials and errors, in this work the boiler was initially packed with
solids volume fraction of 0.4 and packing height of 2.5 m in both
the furnace and the two return legs. If not specified, default values
in Fluent®6.3.26 were used for the other parameters.

2.5. Solution

The Phase Coupled SIMPLE method was chosen for
pressure–velocity coupling, the first-order upwind scheme
was used for discretization of momentum and volume-fraction

equations. The time step size was 0.0005 s. The solid fluxes at the
outlets of the two cyclones were monitored to judge when the
simulation reaches steady state, thereafter the time averaging was
performed. In general, simulations lasted for about 40 s in physical
time and the last 20 s were used for time averaging in our analysis.
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Table 3
Boundary and initial conditions.

Boundary and initial conditions Gas phase Solid phase

Flow rate (kg/s) Total area (m2) Inlet velocity (m/s)

Primary air inlet 94.16 50.88 6.32 0
Secondary air inlet 53.21 0.92 198.01 0
Slag-cooler inlet 8.00 0.75 36.32 0
Loop-seal inlet 2.32 8.02 0.99 0

1

Atm

3

3

o
p
o
k
i
t
[
a
w
l
m

3

d
t

the solids volume fraction was normally large near the wall and
small in the center of the furnace.

Fig. 6 shows profiles of solids volume fraction at different heights
with y-averaged values along width (x-) direction (Fig. 6(a)) and x-
Coal-feed inlet 12.48
Initial solid packing height
Cyclone outlet
Wall

. Results and discussion

.1. Pressure distribution

Fig. 3 shows the simulated pressure balance in the boiler. It is
bvious that the pressure gradient is large at the bottom and com-
aratively small at the top in the furnace, and the largest gradient
ccurs at the return legs, which agrees qualitatively with empirical
nowledge [23]. As there is no measured data of hydrodynam-
cs over this commercial boiler, for a rather rough comparison,
he pressure distribution data from the furnace of another boiler
11,24], which is similar in size to this one, are plotted in Fig. 4
gainst the simulation results. The general trends of their variations
ere comparable if their reference pressures near the cyclone out-

ets, i.e., the pressure at the highest measurement position, were
ade the same.
.2. Distribution of solids volume fraction

Fig. 5 shows a snapshot of the simulated solids volume fraction
istribution with several slices in vertical (Fig. 5(a)) and horizon-
al (Fig. 5(b)) directions, respectively. Fig. 5(a) confirms the results

Fig. 2. Surface mesh of the 3D CFB boiler.
.16 36.70 UDF
2.5 m

ospheric pressure
No-slip Partial slip

shown in Fig. 3, that is, dense bottom coexisting with dilute top in
both the furnace chamber and the return legs. Fig. 5(b) shows that
Fig. 3. Simulated pressure balance in the boiler system (simulated pressure data
were taken from the center line across the furnace, the left cyclone, its return leg
and its left return pipe).

Fig. 4. Comparison of pressure profiles in the furnace between simulation and
experiment (Experimental data were obtained from the reference [11] for another
boiler, while the simulation-adjusted means that the pressure baseline was adjusted
to the same level with the experimental.)
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Fig. 5. Simulated solids volume fraction distributions with (a) vertical slices and (b) horizontal slices.

Fig. 6. Profiles of solids volume fraction at different heights with (a) y-averaged values along width (x-) direction and (b) x-averaged values along depth (y-) direction.

Fig. 7. Simulated solids vertical velocity distribution with (a) vertical slices and (b) horizontal slices.
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Fig. 8. Profiles of solids vertical velocity at different heights with (a) y-averaged values a

Fig. 9. Comparison of simulated solid fluxes at the cyclone inlets. The flux values
were area-averaged fluxes at the inlets of the cyclones, i.e., the back wall of the
furnace.

Fig. 10. Instantaneous solids volume fraction distribution in the boiler at simulation time
on the top wall of the furnace. (For interpretation of the references to color in this figure
long width (x-) direction and (b) x-averaged values along depth (y-) direction.

averaged values along depth (y-) direction (Fig. 6(b)), respectively.
The curves in Fig. 6(a) are typical to the so-called core–annulus
structure, showing comparatively dense solids concentration near
the wall than in the center. Fig. 6(b) shows different profiles along
the depth direction, which are flatter than those along the width
direction. This implies that a 2D, x–z plane simulation may act as
a reasonable simplification to the real 3D case. However, we can
still see that this 2D reduction will be violated greatly at the dense
bottom with significant fluctuation of solids concentration at the
height around 5 m, which may be induced by the non-uniform
solids recycling inlets.

3.3. Distribution of solids vertical velocity

Fig. 7 shows the simulated distribution of solids vertical velocity
with several slices in vertical (Fig. 7(a)) and horizontal (Fig. 7(b))

directions, respectively. Fig. 7(a) shows that vortices can be formed
in the furnace and the solids velocity can be significantly affected by
the injected air near the secondary air inlet. Fig. 7(b) shows that the
solids vertical velocity is mainly positive in the center and negative
near the wall. The comparison among these slices seems confirms

of (a) no. 28.9 s and (b) no. 38.7 s. The red circles indicate high solids volume fraction
legend, the reader is referred to the web version of the article.)



neerin

t
t

F
s
i
m
t
s
b
c
w
a
fi
fl
d
u
s

3

s
fl
T
M
a
t
I
f
C
w
F
s
t
t
c
a
t
n
w
p

4

C
v
a
c
c
c

A

v
J
s
T
u
N

Gas and solid phase bulk viscosity:
N. Zhang et al. / Chemical Engi

hat the negative velocity near the wall owing to clustering of par-
icles drops with the increase of height.

The results depicted in Fig. 8 are more complex than those in
ig. 6. The core–annulus structure can be confirmed in Fig. 8(a),
howing falling clusters near the front- or back walls while ris-
ng particles in the center. However, the solids velocity profiles are

ore fluctuating along the depth-wise direction in the sense that
he x-averaged solids velocity may be positive or negative near the
ide walls; the two maximum rising velocities seems to be affected
y two cyclones greatly and their positions deviate much from the
enter (Fig. 8(b)). As a summary to the results of Figs. 6(b) and 8(b),
e can see that the depth-wise flow distribution is hardly uniform

nd then a 2D simulation cannot be viewed as a reliable simpli-
cation to the real 3D case. However, it should be noted that the
uctuating velocity in Fig. 8 might be a result of the averaging time
ue to limited computing capacity. Real process may take min-
tes and even hours to reach the steady-state operation. More tests
hould be performed concerning this phenomenon.

.4. Solid fluxes at cyclone inlets

As addressed by Grace et al. [25], “when two-phase suspen-
ions are conveyed through identical parallel flow paths, the
ow distribution can be significantly non-uniform in practice”.
his phenomenon has been verified in experiments [26–29].
easurement of solid flux is difficult for experiments especially on
commercial CFB boiler, but it is easy for simulations. Fig. 9 shows

he monitored solid fluxes in this simulation at these two cyclones.
n average, the solid fluxes at these two cyclones show minor dif-
erence, which are 5.74 kg/(m2 s) and 6.05 kg/(m2 s), respectively.
onsidering the non-uniform solids distribution in the furnace,
e can say that the two cyclones operate identically as designed.

rom the instantaneous point of view, however, the fluxes show a
eesaw phenomenon, that is, the maximum flux alternates in these
wo cyclones; when one cyclone reaches its local maximum flux,
he other one is right near its local minimum. Such phenomenon
an also be validated, as shown in Fig. 10, from the snapshots of
lternate dense accumulation of solids near the cyclone inlets at
he top wall. This is the first time that such non-uniform phe-
omenon is captured with a CFD simulation, which is consistent
ith Grace’s experiment [26]. The current analysis is still at its
reliminary level, calling for more systematic work in the future.

. Conclusions

A 3D, full-loop, time-dependent CFD simulation of a 150 MWe

FB boiler was performed. It is an extension to our experience on
irtual experimentation to investigate the hydrodynamics within
n industrial reactor. Simulation results show the capability of the
urrent model, with emphasis on the EMMS-corrected drag coeffi-
ient, in predicting the two-phase flow behavior. More simulations
an be expected to enable us better understanding CFB boilers.
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Appendix A. Governing equations

Continuity equations:

∂

∂t
(˛g�g) + ∇ · (˛g�gvg) = 0,

∂

∂t
(˛s�s) + ∇ · (˛s�svs) = 0.

Momentum equations:

∂

∂t
(˛g�gvg) + ∇ · (˛g�gvgvg) = −˛g∇p + ∇ · �g + ˛g�gg

+ˇ(vs − vg),

∂

∂t
(˛s�svs) + ∇ · (˛s�svsvs) = −˛s∇p − ∇ps + ∇ · �s + ˛s�sg

+ˇ(vg − vs),

Granular energy equation:

3
2

[
∂

∂t
(�s˛s�s) + ∇ · (�s˛svs�s)

]
= (−psI + �s) : ∇vs

+∇ · (k�s∇�s) − ��s − 3ˇ�s.

Constitutive equations:
Stress tensors:

�g = ˛g�g(∇vg + ∇vT
g) + ˛g

(
�g − 2

3
�g

)
∇ · vgI,

�s = ˛s�s(∇vs + ∇vT
s ) + ˛s

(
�s − 2

3
�s

)
∇ · vsI.

Solid phase pressure:

ps = ˛s�s�s + 2�s(1 + ess)˛s
2g0�s.

Solid phase shear viscosity:

�s = �s,kin + �s,col + �s,fr,

�s,col = 4
5

˛s�sdsg0(1 + ess)

(
�s




)1/2

,

�s,kin = 10�sds

√
�s


96˛s(1 + ess)g0

[
1 + 4

5
g0˛s(1 + ess)

]2
,

�s,fr = ps sin �

2
√

I2D

.

�g = 0, �s = 3
4

˛s�sdsg0(1 + ess)

(
�s




)1/2

.

Radial distribution function:

g0 =
[

1 −
(

˛s

˛s,max

)1/3
]−1

.



8 neerin

�

ˇ

w

C

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

28 N. Zhang et al. / Chemical Engi

Diffusion coefficient of energy:

k�s = 150�sds

√
(�
)

384(1 + ess)g0

[
1 + 6

5
˛sg0(1 + ess)

]2

+2�s˛s
2ds(1 + ess)g0

√
�s



.

Collision energy dissipation:

�s = 12(1 − e2
ss)g0

ds
√



�s˛2

s �3/2
s .

Interphase momentum exchange coefficient:

= 3
4

Cd
˛s˛g�g|vs − vg|

ds
˛−2.65

g Hd,

here

d = 24
˛gRe

[1 + 0.15(˛gRe)0.687], and Re = �g|vg − vs|ds

�g
.
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