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a b s t r a c t

A computational fluid dynamics (CFD) approach was applied to simulate the air-coal two-phase flow
and combustion characteristics in a 50 kW circulating fluidized bed (CFB) combustor. Eulerian–Granular
multiphase model with a drag coefficient correction based on the extended energy-minimization multi-
scale (EMMS/matrix) model was used to study the gas–solid hydrodynamics. One energy conservation
equation was applied to the mixture of gases and solids, considering heat conduction, heat convection and
heat sources from chemical reactions. Reactions during coal combustion included moisture evaporation,
irculating fluidized bed
omputational fluid dynamic
omprehensive model

dry coal devolatilization, volatile combustion, char combustion and char gasification. The model predicted
the main features of the complex gas–solid flow, including the cluster formation of the solid phase along
the walls, the flow structure of upward flow in the core and downward flow in the annular region. The
voidage and temperature profiles in the furnace and the concentrations of gas components from the riser
were validated with experimental data. Distributions of reaction rates in the riser were also obtained. This

y to si
g new
indicates a promising wa
mechanism and designin

. Introduction

During the past 20 years, circulating fluidized bed combustion
echnology has gained worldwide significant attention. With its
ell-known benefits of fuel flexibility, high combustion efficiency

nd low emissions, as well as easier temperature control during
xy-fuel combustion [1], CFB combustion technology becomes one
f the most important developing directions for coal-fired boilers
2].

Mathematical modeling and simulation is helpful to better
nderstanding of the combustion process and will be significant for
FB scale-up. The modeling researches in the end of the 20th cen-
ury were reviewed and the furnace approach models were divided
nto three levels of sophistication [2]. Several models were devel-
ped and improved in the last decade. Huilin et al. established a
.5-D steady state mathematical model for CFB coal combustion
oilers [3] and the group investigated particle clustering effects on
ombustion and emission in a CFB riser via a 2-D CFD approach
4–8]. Adenz et al. [9,10] studied the carbon combustion efficiency

nd sulfur retention sub-models based on a previous model of fast
ed CFB combustor. The model was applied for co-combustion of
oal and biomass [10]. Gungor and Eskin established a 2-D CFB
oal combustion model [11] with validation data from a pilot-scale

∗ Corresponding author. Tel.: +86 25 83793453; fax: +86 25 83793453.
E-mail address: cszhao@seu.edu.cn (C.S. Zhao).

385-8947/$ – see front matter. Crown Copyright © 2010 Published by Elsevier B.V. All ri
oi:10.1016/j.cej.2010.09.048
mulate the coal combustion in CFB to help understanding the combustion
combustion technologies.

Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

50 kW CFB combustor and an industrial-scale 160 MW CFB combus-
tor. Sensitivity analysis of the operation parameters was carried out
[12].

Macroscopic (semi-empirical) models for fluid dynamics of CFB
units were presented with emphasis on applications for conditions
relevant to industrial units such as fluidized-bed combustors [13]. A
3-D CFB model, initially developed in 1989, was modified to include
the specific features under oxygen-enriched atmosphere [14,15].
Another 3-D CFB model [16–18], improved with semi-empirical
models for concentration and temperature distributions, can pre-
dict the local conditions inside combustion chamber with arbitrary
shapes and co-combustion of fuels.

CFD modeling of fluid dynamics has already reached a high level
with two different approaches, the Eulerian–Eulerian approach
and Eulerian–Lagrange approach. It was found that the multi-scale
CFD approach in terms of EMMS/matrix seems to reach a mesh-
independent solution of the sub-grid structure, and succeeds in
predicting the axial profile and flow regime transitions [19,20].
Zhou et al. investigated the gas-particle turbulent flow in a CFB
riser numerically by large eddy simulation (LES) coupled with
Lagrangian approach [21]. While numerical modeling of reactive
multiphase flows is still at an early stage [16]. CFD-based numer-

ical model is used to simulate the gasification of coal [22] and
biomass [23] inside an entrained flow gasifier. A 3-D numerical
model was developed to simulate the coal gasification in a flu-
idized bed gasifier [24]. Jung and Gamwo [25] have developed the
reaction kinetics model of the fuel reactor in a chemical looping

ghts reserved.
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Nomenclature

Cfix fixed carbon % by weight on air dried basis
C mole concentration (kmol m−3)
dp particle diameter (m)
g gravity (m s−2)
H riser height (m)
hm mixture enthalpy (kJ kg−1)
Ji diffusion flux of species i (kg m−3 s−1)
K momentum exchange coefficient
k reaction rate constant
km mixture thermal conductivity (w m−1 s−1)
m mass flow rate (kg m−3 s−1)
p pressure (Pa)
Ri mass flow rate of species i (kg m−3 s−1)
R Universal gas constant (J kmol−1 K−1)
r reaction rates (kmol m−3 s−1)
Re Reynolds number
Sc Schmidt number
Sh Sherwood number
T temperature (K)
t time (s)
v velocity (m s−1)
Yi mass fraction of species i

Greek letters
p density (kg m−3)
εg voidage
εs solid volume fraction
� stress tensor (Pa)
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˚ mechanism factor
� viscosity, kg/m s

ombustion process and implemented the kinetic model into a
ultiphase hydrodynamic model, MFIX, developed earlier at the
ational Energy Technology Laboratory.

Our recent thorough literature review shows that
uler–Granular CFD-based reaction models have not been adapted
o circulating fluidized bed coal combustion processes in the open
iterature. In this study, an Euler–Granular model using the Kinetic
heory of Granular Flow (KTGF) and EMMS/Matrix correction
as employed to simulate the hydrodynamics of gas–solid flow

n a CFB riser, coupled with heat transfer and chemical reaction
ub-models. The simulated voidage and temperature distribution
nd gas composition from the furnace outlet were validated
gainst the experimental data from a 50 kW pilot CFB combustor
t the Southeast University, China. Gas–solid flow patterns, gas
elocities, particle velocities, composition profiles of gas product
nd other important characteristics in a circulating fluidized bed
oal combustor were predicted.

. Experimental

The experimental work reported here was carried out in a 50 kW
ilot CFB combustor at the Southeast University, China. A detailed
escription of the experimental system can be found elsewhere
26]. Detailed dimensions of the CFB riser are shown in Fig. 1. The
FB riser column has a lower zone of 0.122 m and an upper zone
f 0.150 m in I.D., with height of 0.800 m and 3.200 m, respectively.

hey are connected by a transition zone with the height of 0.200 m.
he coal inlet is located on the left side of the riser at the height of
.700 m above the primary oxidant inlet. The solid recycle inlet, the
econdary oxidant inlet and furnace outlet are located on the right
ide at 0.200 m, 0.900 m and 4.085 m, respectively. To obtain the
Fig. 1. Detail structure and dimensions of the CFB riser.

experimental temperature and voidage data, six thermal couples
and six pressure taps are mounted at different elevations along the
riser (H = 0.150, 0.700, 1.500, 2.900, 3.700, 4.000 m).

3. Model description

Based on CFD method, a comprehensive dynamic 2D planar
model has been established to describe the coal combustion pro-
cesses in the CFB riser. Parts of the important boundary and initial
conditions used in the simulation are listed in Table 1. They are
set in consistent with the experimental operation conditions to the
largest extent.

3.1. Main assumptions

In order to eliminate the impact of the strong nonlinear char-
acteristic of the model and ensure the good convergence and
acceptable computational time, the comprehensive models are
simplified as follows:

(i) The case simulated is assumed as two-dimensional with the
furnace depth of 0.1 m. The widths of lower and upper zones
in the 2-D simulation case are determined based on the corre-
sponding cross-section area in the 3-D riser.

(ii) Simulated air flows (21% O2/79% N2) get into the CFB riser via
the bottom or other inlets at uniform velocity distribution. Gas
density follows the incompressible ideal gas law.

iii) Particles are assumed isothermal, inelastic and smooth
spheres.

(iv) Small interaction forces such as lift force, thermophoretic force,
Brownian force and virtual mass force are neglected. Energy
transfer due to pressure stress work, viscous dissipation and
species diffusion are not considered.

3.2. Governing equations

The mass and momentum conservation equations are applied

to each phase (gas and solid). Those for gas phase are given as Eqs.
(1) and (2). For the interphase momentum exchange coefficient Ksg,
Wen and Yu drag model corrected by EMMS/matrix coefficient is
compared with the Gidaspow model [27]. The EMMS/matrix cor-
rection is obtained from EMMS software supplied by Institute of
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Table 1
Parts of parameters used in simulations.

Parameters Value Parameters Value

Real density of char particles 1280 kg/m3 Primary air ratio 0.7
Real density of ash particles 2400 kg/m3 Primary air temperature 400 K
Particle diameter 0.35 mm Secondary air temperature 298 K
Coal feed rate 8 kg/h Heat loss through dilute zone wall 20%
Inlet coal temperature 298 K Boundary condition in the dense zone Adiabatic
Excess air coefficient 1.2 Initial furnace temperature 1123 K

Table 2
Ultimate and proximate analysis of Xuzhou bituminous coal.

Sample Ultimate analysis/wt% LHV Proximate analysis/wt%

Sad

1.76
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Cad Had Oad Nad

Xuzhou coal 58.97 3.65 7.30 0.67

rocess Engineering, Chinese Academy of Sciences. Detail descrip-
ions of the model can be found in the literatures [28,29]. Meaning
f other symbols can be found in the nomenclature. The standard
–ε model is adopted to simulate the gas phase turbulence and
TGF for the solid phase [30]. The species conservation equations
re solved for individual species, as given by Eq. (3) for gas species.
s part of the comprehensive model, the complicated processes
f chemical reactions are considered by setting the source terms
f mass, momentum and/or species transport equations when the
eactants are consumed and the products are created.

∂

∂t
(εg�g) + ∇ · (εg�g ��g) = ṁsg (1)

∂

∂t
(εg�g ��g) + ∇ · (εg�g ��g ��g) = −εg∇p + ∇ · �g + εg�gg

+ Ksg(��s − ��g) + ṁsg ��s (2)

∂

∂t
(εg�gYi) + ∇ · (εg�g ��gYi) = −∇ · �Ji + Ri (3)

However, as the mechanism of heterogeneous reaction provided
y FLUENT software, heat generated during char combustion is
bsolutely absorbed by the gas phase at first and then is partly
ransferred to the solid phase through interphase heat convection
nd radiation. That poses a great challenge to the numerical sim-
lation of interphase heat transfer. In this study, considering the

xcellent performance of interphase heat transfer in the circulat-
ng fluidized bed and large amount of inert materials in the solid
hase, the temperature differences between phases at the same

ocation are ignored for simplification. Therefore, gases and solids
re treated as one mixed phase (mixture) and one conservation

able 3
ates for the chemical reactions.

Reaction rate r/kmol m−3 s−1

(R1) r1 = k1Crawc

(R2) r2 = k2C0.8
O2

C0.7
CH4

(R3) r3 = k3YCOY0.5
H2O

17.5YH2O
1+24YH2O

(
P

RT

)1.8

(R4) r4 = k4C1.5
H2

CO2

(R5) r5 = k5CtarCO2

(R6) r6 = 6(1−ε)�sYchar
dp�c

· kcCO2
b

kc = RT/wc
(1/	kd )+(1/k2)

(R7) r7 = 6(1−ε)�sYchar
dp�c

· k7CCO2

a Unit of molar concentration C in this paper is kmol m−3 and this leads to different coe
b Unit of universal gas component R in the two formulas is kJ kmol−1 K−1.
MJ kg−1 FCad Vad Aad Mad

23.54 47.33 25.02 25.55 2.10

equation of mixture enthalpy hm is applied as

∂

∂t
(�mhm) + ∇ · (�m ��mhm) = ∇ · (km∇Tm) + Sm (4)

where mixture density �m, mixture velocity ��m and mixture ther-
mal conductivity km are calculated according to �m =

∑
pεp�p,

�m ��m = ∑
pεp�p ��p, and km =

∑
pεpkp, respectively. εp is volume

fraction of the phase p. Sm characterizes the heat sources from
chemical reactions. This method is proved to be dependable and
time saving in numerical modeling, with reasonable simulation
results.

3.3. Chemical reactions

The solid phase consists of 4 species (dry coal C4.914H3.650O0.456,
moisture H2O, char C and ash) and the gas phase consists of 8
species (methane CH4, oxygen O2, carbon monoxide CO, carbon
dioxide CO2, water vapor H2O, hydrogen H2, tar CH2.596O0.158 and
nitrogen N2). The equivalent formula of the dry coal and tar is
deduced combining with the proximate and ultimate analysis of the
coal tested [31], as displayed in Table 2. In the present model, reac-
tions related with sulfur or nitrogen are not taken into account and
they are considered passing directly to ash, but they are expected to
be considered in the future work. The simulated processes during
coal combustion include moisture evaporation, coal devolatiliza-
tion, volatile combustion, char combustion and char gasification.

In most coal combustion modeling researches, moisture evapo-

ration process was omitted or assumed to happen promptly once
the coal was fed into the furnace. It is assumed in this paper that the
moisture evaporation rate is 10 times as high as the devolatiliza-
tion rate. The dry coal is consumed according to (R1). The volatile
consists of CH4, CO, H2O, CO2, H2 and tar, whose fraction composi-

Reaction rate constant k

k1 = 4.136 × 104 exp( − 0.73 × 108/RT) [33]
k2 = 5.0122 × 1011 exp( − 2.0085 × 108/RT) a [34]

k3 = 3.25 × 1010 exp( − 1.255 × 108/RT) [11]

k4 = 1.03 × 1014T−1.5 exp( − 0.284 × 108/RT) a [34]
k5 = 3.80 × 107 exp( − 0.555 × 108/RT) [35]
k6 = 8910 exp( − 1.4974 × 108/RT), kd = ShDgwc/dpRTg

b

Sh = 2ε + 0.69(Re/ε)1/2Sc1/3, Re = udp�g/�g , Sc = �g/�gDg

Dg(T, p) = Dg(T0, p0)[T/T0]1.75[p0/p]
Dg(T0, p0) = 3.13 × 10−4 m2/s, T0 = 1500 K, p0 = 101,325 Pa [11,36]
k7 = 4.1 × 106 exp( − 29787/T) [11]

fficients with the references.
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Fig. 2. Mesh refinement near the inlets.

ions are determined based on the Loison and Chauvin model [11].
o get the real data of volatile compositions, an experiment was
erformed on the tube furnace for the bituminous coal pyrolysis.
he similar ratio of CH4/CO was obtained between experimental
nd Loison and Chauvin model. Combustion of volatiles takes place
ccording to the homogeneous reactions ((R2)–(R5)). The char is
onsumed according to heterogeneous combustion (R6) and gasi-
cation (R7) reactions.

kg drycoal → Yc kg char + Yv kg volatile + (1 − Yc − Yv) kg ash

(R1)

H4 + 3
2 O2 → CO + 2H2O (R2)

O + 1
2 O2 → CO2 (R3)

2 + 1
2 O2 → H2O (R4)
H2.596O0.158 + 1.570O2 → CO2 + 1.298H2O (R5)

+ 1
˚

O2 →
(

2 − 2
˚

)
CO +

(
2
˚

− 1
)

CO2 (R6)

+ CO2 → 2CO (R7)
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Fig. 3. Changes over time of monitored variables through the outlet during simula-
tion.

˚ is a mechanism factor which is determined by particle diame-
ter and combustion temperature, as usually adopted by literatures
[11,16,32].

˚ =

⎧⎨
⎩

2p + 2
p + 2

dc < 0.05 mm

2p + 2 − (p/0.095)(100dc − 0.005)
p + 2

0.05 mm ≤ dc ≤ 1.0 mm

1.0 dc > 1.0 mm

where p = 2500exp[ − 5.19 × 104/RTs].
The rates of coal devolatilization and volatile combustion are

controlled by Arrhenius law, and the pre-exponential factor and
activation energy are obtained from the Fu-Zhang general pyrolysis
model [33] and other literatures [11,34,35], respectively. According
to Field et al. [36], the char combustion rate is described by both
the chemical kinetic reaction rate and the diffusion rate of oxygen
to the particle surface and internal pores, which is widely used in
fluidized bed combustion. Detailed formulas are listed in Table 3.

3.4. Numerical considerations

The bed is initially filled with ash particles with static height of
0.4 m, where the volume fraction of the solids is 0.55. The maximum
particle packing is limited to 0.63. The no-slip wall condition is used
for the gas phase and partial-slip boundary condition for the solid
phase. The particle–particle restitution and specularity coefficient

are set as 0.9 and 0.001, respectively. The specific heat capacity
of each gas species is calculated as a piecewise-linear function of
temperature and viscosity as power law. Physical parameters of
the gas and solid mixtures obey the volume/mass-weighted-mixing
law.
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Fig. 5. Time series of the gas-particle flow in the lower part of the riser in the from of solid volume fraction.
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ate of feeding coal and outlet solid. According to experimental
easured data, temperature of recycled solid is set to make sure

hat 30% of the thermal input is released along the dipleg and the
oopseal.

After mesh independent analysis, 5 mm × 5 mm grids are
pplied in the dense and transition zones and 8 mm × 15 mm in the
ilute zone. As shown in Fig. 2, mesh refinements near the inlets
re applied and the total mesh number is nearly 8500. The time
tep is set as 1 × 10−4. For the first 10 s, gas–ash fluidization is sim-
lated at the temperature of 1123 K without coal feeding, and then

oal is continuously fed into the furnace at 8 kg/h. The simulation
as conducted for 50 s and it cost nearly 20 days on an Intel w5580
orkstation. Time-averaged distributions of flow and combustion

haracteristic variables were computed for the period from 30 s to
0 s.
re and gas composition distributions.

4. Results and discussions

Fig. 3 shows the changes over time of mixture mass flux through
the furnace outlet and O2 concentration in the flue gas from the
outlet during simulation. They are monitored for the judgement
of steady-state coal combustion processes. It indicates that the
time averaged variables computed from 30 s to 50 s are represen-
tative in description of primary characteristics for the simulated
case.
4.1. Flow characteristics

Before this comprehensive modeling research, the validation of
hydrodynamic model was carried out through the comparison with
the cold experimental data on a CFB from Ref. [37]. The dimensions
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f the CFB were similar to those introduced in this paper except
he smooth exit geometry. The experimental operation conditions
ere described in detail [37] and the simulation conditions were

et accordingly. Fig. 4(a) shows the comparison of time-averaged
oidage distributions based on different drag models. It indicates
hat the model with EMMS/Matrix drag correction predicts more
bvious dense zone and the simulation results are more close
o the experimental data. The trends are similar with the simu-
ation results obtained from other researches [38]. As shown in
ig. 4(b), the consistent results are also concluded from the sim-
lations of gas–solid flow in our hot CFB. The experimental solid

olume fractions are calculated from the pressure distribution. The
ap between EMMS/Matrix simulation and experiments is due to
he assumption of average diameter of the bed material. The dif-
erence of the voidage distribution between these two CFB exists
ear the top of the furnace. Fig. 4(b) shows that the abrupt T-type
reaction rates.

outlet geometry leads to a gathering of particles in the top zone.
The hydrodynamic model with EMMS/Matrix drag correction was
applied in following simulations.

For the operation condition listed in Table 3, a time series of
the computed flow patterns in the form of solid volume fraction
are illustrated in Fig. 5. A typical turbulent fluidization pattern is
observed in the lower zone of the riser. In the upper zone, tak-
ing on horseshoe-shaped clusters, the packets of particles form,
grow, change their shapes, break up and form again ceaselessly.
Fig. 6 shows radial profiles of time-averaged axial solid velocity and
axial gas velocity at three different heights. H = 0.400 m, H = 2.100 m

and H = 4.085 m are located at the middle of dense zone, the mid-
dle of the furnace length and the outlet height, respectively. The
clusters of particles accumulate near the wall until they become
sufficiently heavy that they could not be carried by the gas, form-
ing a core-annular flow structure with a dilute rising core and a
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ense descending annular region. The gas is also detected mov-
ng downward near some wall region showing the strong effect
f downward solids. The maximum axial velocity is detected in
he core for both solid and gas in most of the region in the riser.

hile at the outlet level, higher gas and solid velocities on the right
ide appear, which reveals the impact of outlet geometry. In gen-
ral, those figures show that the model is capable of predicting
he nearly axisymmetrical flow patterns for the case, despite the
nsymmetrical configuration of the inlet and outlet geometry [39].

.2. Temperature and gas composition profiles

The simulated axial distributions of cross-section averaged mix-
ure temperature at the moment of 50 s are displayed in Fig. 7.
xperimental data are used to validate the model and a good
greement is achieved. The primary air temperature increases dra-
atically to the bed temperature level near the air distributor. A

eak value is detected near the coal feeding height because of the
ramatic volatile combustion and then it decreases in some sort due
o the cold secondary air injection. Simultaneously, the secondary
ir supplies sufficient oxygen for volatile and char combustion and
he exothermic reactions lead to a temperature rise in the upper
one. Then temperature decreases gradually because of heat release
n the dilute zone through the furnace wall.

Fig. 8 shows the comparisons between the predicted results
nd the experimental data of gas concentrations from the outlet.
he form of area-averaged molar fraction is adopted. The results of
hese main gas components show a good agreement with exper-
ments. The maximum error is <15%. It implies that the present
D numerical simulations are reasonable and the validity of the
resent model is verified.

Contours of the predicted temperature and gas composition dis-
ributions in the riser at the moment of 50 s are shown in Fig. 9.
he first figure reveals a relatively uniform gas temperature in the
adial direction with a difference of about 50 K along the CFB com-
ustor. Gas compositions are shown in the form of molar fraction.
he O2 concentration decreases along the combustor with a sudden
ncrease near the secondary air inlet, while CO2 shows the oppo-
ite tendency. The very high concentrations of volatiles (CH4, CO,
2O, H2 and tar) appear near the coal feeding point due to the
evolatilization and then the concentrations drop down gradually
ecause of combustion reaction. With the devolatilization model
entioned in Section 3.3, the predicted tar concentration is much

igher than that of other volatiles. Similar to CH4 profile, H2 profile
s not displayed here. Low concentrations of O2 and N2 appear near
he coal feeding point correspondingly. A certain amount of CO is
bserved in the dense zone since it is produced mostly through coal
ombustion, while dry coal devolatilization, CH4 combustion and
oal gasification contribute a little. Large amount of volatiles are
lso observed in the lower part of the dilute zone.

.3. Reaction rates

Fig. 10 illustrates the rates of heterogeneous and homoge-
ous reactions referred to in this CFB combustion model. It can
e observed that once the raw coal enters the riser, it releases
he volatiles quickly with the devolatilization rate 10–1000 times
arger than other reaction rates. Rates of homogeneous reactions
(R2)–(R5)) show obviously that the volatile products combust
argely in the upper dilute zone in circulating fluidized bed. And

he assumption of complete volatile combustion in the dense zone
rom some modeling researches may not be accurate, especially for
his bituminous coal with high volatile content. As can be seen from
igs. 9 and 10, the temperature rise in the dilute zone is mostly due
o the heat release from volatile combustion.

[

[
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Heterogeneous char combustion reaction (R6) mainly takes
place in the lower dense zone and the transition zone. As men-
tioned in Section 3.3 and Table 3, the chemical kinetic reaction rate
k6 and the oxygen diffusion rate kd are integrated to describe the
char combustion rate. k6 is a function of temperature and kd is influ-
enced by both the gas–solid hydrodynamics and the temperature
distribution. Fig. 10 shows that kd is 10 times larger than k6, which
reveals that the char combustion rate under this simulated condi-
tion is controlled by the kinetic reaction rate. For coal combustion
in air, char gasification (R7) can be ignored for its much lower reac-
tion rate. But the influence of gasification is one of our interests
for the oxy-fuel combustion, which will be executed next in detail
using this comprehensive model.

The combustion fraction in the CFB combustor can be analyzed
by statistical calculation of reaction rate. For the moment of 50 s, the
molar fraction of gas combustion in the upper dilute zone achieves
0.56 and the char combustion fraction in the dense zone is about
0.72.

5. Conclusions

A comprehensive CFD model based on Two Fluid Model using
KTGF was developed to simulate the coal combustion process in a
CFB riser. Coal combustion characteristics in air were studied. The
model consists of hydrodynamic model, heat transfer model and
mass transfer model including homogeneous and heterogeneous
reactions. The results show reasonable distributions of temper-
ature, solid volume fraction, solid velocity, gas velocity and gas
compositions in the combustor and the results are in good agree-
ment with the experimental data. Using this comprehensive model,
detailed information such as concentration and chemical reaction
rate profiles are easy to obtain. This proposes a promising way for
studying the coal combustion in CFB, especially for new technolo-
gies such as oxy-fuel combustion.
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