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A new coal devolatilization model employing a tabulated-devolatilization-process model (TDP model) is
developed, and its validity is investigated by performing a numerical simulation of a pulverized coal com-
bustion field formed by an industrial low-NOx burner in a 100 kg-coal/h test furnace. The predicted char-
acteristics of the pulverized coal combustion field obtained from the simulation employing the TDP
model are compared with those employing the conventional devolatilization model, those employing
the two competing reaction rate model, and the experiments. The results show that drastic differences
in the gas flow patterns and coal particle behavior appear between simulations. In particular, the recir-
culation flow behavior is strongly affected by the difference in the coal devolatilization model because
of the difference in the volatile matter evolution rate. The TDP model captures the observed behavior
of the coal particles in the experiment better than the other models. Although it is considered that by
adjusting the devolatilization parameters the prediction similar to the TDP model is also possible by
the other models, appropriate devolatilization parameters are automatically set to particles depending
on the particle heating rate without trial–error method by employing the TDP model.

� 2011 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
1. Introduction

Pulverized coal combustion is utilized in the majority of
coal-fired thermal power plants. There are many types of problems
in the operation of pulverized-coal-fired furnaces, e.g., fouling,
slagging and sulfidation corrosion. The number of problems is
expected to increase in the future owing to the increased use of
low-grade coal, since world coal consumption will maintain an up-
ward trend according to IEO2007 [2]. To solve such problems,
understanding of the gas flow pattern, temperature distribution,
gas species concentration distributions and coal particle behavior
in the furnace is essential. In particular, the coal particle behavior
in the burner region is important for the slagging and sulfidation
corrosion problems because the accumulation of ash is directly
affected by the particle behavior, and the local concentrations of
corrosion-promoting substances such as H2S are highly dependent
on the coal particle behavior. Numerical simulations of a pulver-
ized coal combustion field are effective for understanding such coal
particle behavior in the furnace [3–7].
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Recently, numerical simulations for large-scale pulverized-
coal-fired furnaces have been performed by some researchers
[8–16]. Since the numerical simulation of the pulverized coal
combustion field is difficult because of the complexity of the coal
combustion phenomena, comparatively simplified models for the
devolatilization and combustion of coal particles are generally
employed. However, sometimes employing such simplified models
leads to relatively large errors in predicting the coal particle behav-
ior in numerical simulations. One of the greatest simplifications of
models employed for the numerical simulation of the pulverized
coal combustion field is the devolatilization model.

It is well known that the devolatilization of coal particles is
strongly affected by the coal particle heating rate [17,18]. Both
the volatile matter evolution rate and the total amount of volatile
matter evolved from a coal particle are generally enhanced by a
high particle heating rate [19]. This fact has been reported by var-
ious researchers conducting experiments on the devolatilization of
coal particles with more than one particle heating rate [20–24].
Nevertheless, most numerical simulations of the pulverized coal
combustion field in large-scale furnaces employ a simplified model
for the devolatilization of coal particles, in which the effect of the
coal particle heating rate described above cannot be considered.
In the simplified model (referred to as ‘‘the conventional model’’,
hereafter), the increase in the amount of volatile matter due to
Inc. All rights reserved.
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Nomenclature

Ac pre-exponential factor for Eq. (3.15), 1/s
Ag pre-exponential factor for Eq. (3.12), 1/s
Ap projected area of particle, m2

As surface area of particle, m2

Av pre-exponential factor for the volatile matter evolution
rate equation, Eq. (2.2), 1/s

cp,p specific heat of particle, J/(kg K)
cp,g specific heat of gas, J/(kg K)
C char mass, kg
Dp particle diameter, m
Ec activation energy for Eq. (3.15), J/kmol
Eg activation energy for Eq. (3.12), J/kmol
Ev activation energy for the volatile matter evolution rate

equation, Eq. (2.2), J/kmol
GCV calorific value of coal obtained by proximate analysis, J/

kg-coal
hX enthalpy of chemical species X, J/kg
kg thermal conductivity of gas, W/(m K)
Kv devolatilization rate coefficient, 1/s
Ki reaction rate coefficient
mp particle mass, kg
mp,w moisture mass in particle, kg
mp,v volatile matter mass in particle, kg
mvola mass fraction of volatile matter in particle, kg/kg-coal
mX mass fraction of chemical species X or chemical element

X in a coal particle, kg/kg-coal
MX molecular weight, kg/kmol
Pg gas phase pressure, Pa
PX mass fraction of substance X obtained by proximate

analysis (as-received basis), kg/kg-coal
Pr Prandtl number

Q Q-factor
qchar heat gain due to the char combustion, J/s
R gas constant, J/(mol K)
Rg gaseous reaction rate regarding the kinetics, mol/(s m3)
Tg gas temperature, K
Tp particle temperature, K
ufi fluid velocity component for direction i, m/s
upi particle velocity component for direction i, m/s
UX mass fraction of chemical element X obtained by ulti-

mate analysis (dry-ash-free basis), kg/kg-coal
Uz mean axial particle velocity [m/s]
V mass of volatile matter that has been evolved from a

coal particle, kg
V� mass of volatile matter in particle, kg
Xi molar fraction of chemical species i, mol/mol
Yi mass fraction of chemical species i, kg/kg
[X] molar concentration of chemical species X, mol/m3

Greek symbols
ep absorptivity of coal particles
qg density of gas, kg/m3

qp density of particle, kg/m3

m kinematic viscosity of gas, m2/s
r Stefan–Boltzmann constant
Dhchar calorific value of char, J/kg
Dhdev required heat for devolatilization, 6.279 � 105 J/kg [1]
Dhlat latent heat of water, 2.254 � 106 J/kg
Dhvola calorific value of volatile matter, J/kg
DhCH4low calorific value of CH4low, J/kg
DhCH4high calorific value of CH4high, J/kg
DhC2H2 calorific value of C2H2, J/kg
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the high particle heating rate is considered by using Q-factor as fol-
lowing formula.

V� ¼ QV�0 ð1:1Þ

where V�, V�0 and Q are the amount of volatile matter evolved from a
coal particle in the numerical simulation, the amount of volatile
matter obtained by the proximate analysis, and the Q-factor,
respectively. The Q-factor is generally treated as a constant value
for all coal particles regardless of the particle heating rate. In addi-
tion, the value of the Q-factor is based on empirical information ob-
tained from different combustion fields, because an accurate value
for the Q-factor cannot easily be obtained owing to the difficulty
of estimating coal particle heating rate in the combustion field of
interest before the execution of the numerical simulation.

Alternative model utilizing two competing mechanism was sug-
gested by Kobayashi et al. [25] (two competing reaction rate mod-
el). In this model, the effect of coal particle heating rate on
devolatilization of coal particle can be taken into account by con-
sidering the two competing overall reactions. However, it is diffi-
cult to obtain appropriate values for six parameters used in the
model in advance of the simulation. Du and Chen [26] conducted
numerical simulations of a coal combustion field using different
sets of values for these parameters and found that these parame-
ters strongly affect the simulation results. A trial-and-error method
is required to obtain appropriate parameters for these parameters
and it may take a lot of time and effort.

In this study, a new model for the devolatilization of coal
particles referred to as the tabulated-devolatilization-process
model (TDP model), in which appropriate values of the devolatil-
ization parameters are selected for each coal particle from the
devolatilization database depending on the individual particle
heating rate, is proposed. In addition, the validity of the TDP model
is examined by performing numerical simulations employing the
TDP model, the conventional model, and the two competing
reaction rate model for a combustion field in a 100 kg-coal/h test
furnace equipped with the CI-a burner, which is a low-NOx burner
with the flame-stabilizing mechanism using a strong swirling flow.
The predicted coal particle velocity in the test furnace is compared
with the measurements using Laser Doppler velocimetry (LDV).

2. Modeling of the devolatilization of coal particles

2.1. Conventional model

In the numerical simulation of the pulverized coal combustion
field, the following formula that was proposed by Badzioch and
Hawksley [19] is commonly employed for modeling the devolatil-
ization process:
dV
dt
¼ KvðV� � VÞ ð2:1Þ

Kv ¼ Av exp � Ev

RTp

� �
: ð2:2Þ

Here, V� is expressed as
V� ¼ QV�0; ð2:3Þ

where V�0 and Q are, respectively, the amount of volatile matter
obtained by proximate analysis and the Q-factor, which is employed
to consider the increase in the amount of volatile matter caused by
the higher particle heating rate in a pulverized coal combustion
field. In the conventional model for coal combustion, Av, Ev and Q



Table 1
Coal properties for devolatilization simulation.

Coal Newlands Wambo Plateau Adaro

Proximate analysis (wt.%)
Moisturea 2.5 3.5 5.9 21.9
Volatile matterb 28.4 35.7 41.3 54.7
Fixed carbonb 56.4 54.6 48.8 44.0
Ashb 15.2 9.7 9.9 1.3
Fuel ratio (–) 1.97 1.53 1.18 0.80

Ultimate analysisb (wt.%)
C 71.8 74.2 71.9 72.5
H 4.5 5.6 5.5 6.2
N 1.6 1.8 1.3 0.9
O 6.4 8.3 11.1 19.1
Combustible sulfur 0.5 0.4 0.4 0.1
Heating value (low)b (MJ/kg) 28.2 29.6 28.8 29.6

a As received basis.
b Dry basis.
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Fig. 1. V�/V�0 (Appropriate value for Q-factor) as a function of the coal particle
heating rate calculated by the FLASHCHAIN model.
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are constant values for all coal particles regardless of the particle
heating rate. However, the value of V� strongly depends on the coal
particle heating rate. Therefore, suitable values for Av, Ev and Q vary
considerably and depend on each particle diameter and how each
particle is supplied to the coal combustion field. Such variation can-
not be considered in the conventional model. In the next section,
how suitable values for devolatilization parameters (Av, Ev and Q)
depend on the particle heating rate is examined.

In spite of many efforts by various researchers, the detailed
chemical compounds in volatile matter are not completely under-
stood because of the complexity of the chemical structure of coal.
Therefore, the volatile matter is generally treated as a postulated
substance in the numerical simulation of the coal combustion field.
In the conventional model, the volatile matter is treated as the pos-
tulated substance, CaHbOc, in which a, b and c represent the compo-
sition ratio of each chemical element. These composition ratios are
calculated by the following equations.

a ¼ mC

12

� �
=

mC

12
þmH

1
þmO

16

� �
ð2:4Þ

b ¼ mH

1

� �
=

mC

12
þmH

1
þmO

16

� �
ð2:5Þ

c ¼ mO

16

� �
=

mC

12
þmH

1
þmO

16

� �
ð2:6Þ

mC ¼ 1� ðUO þ UHÞ=
Pvola � Q

Pvola þ PfixC

� �
ð2:7Þ

mH ¼ UH=
Pvola � Q

Pvola þ PfixC

� �
ð2:8Þ

mO ¼ UO=
Pvola � Q

Pvola þ PfixC

� �
ð2:9Þ

The overall reaction of CaHbOc is expressed as

CaHbOc þ aO2 ! bCO2 þ cH2O; ð2:10Þ

where a, b and c can be calculated from the values of a, b and c. As
previously mentioned, the detailed chemical species in the volatile
matter are not completely understood. However, the overall calo-
rific value of the coal, which is the sum of the calorific values of
the volatile matter and the char, can be known by proximate anal-
ysis. The overall calorific value in the numerical simulation should
correspond to the calorific value of the coal obtained from proxi-
mate analysis because the overall calorific value is constant, regard-
less of the pathway taken to achieve the products, as stated by the
well-known Hess’s law. The calorific value of CaHbOc is calculated
by the following equation.

Dhvola ¼
GCV � DhcharmC;char þ DhlatPmoist

mvola
þ Dhdev ð2:11Þ

Dhchar ¼ hC þ
MO2

MC
hO2 �

MCO2

MC
hCO2 ð2:12Þ

Here, the calorific value of the char, Dhchar, is regarded to be equal
to that of the fixed carbon. Using these equations, the overall calo-
rific value of a coal particle (MJ/kg-coal) in the numerical simulation
can be conformed to the calorific value of coal obtained from prox-
imate analysis.

2.2. Effects of coal particle heating rate on devolatilization
characteristics

To investigate the effects of the coal particle heating rate on Av,
Ev and V�/V�0, the devolatilization simulations were performed for
some coal rank. Properties of coals for the devolatilization simula-
tions are listed in Table 1. In Table 1, the fuel ratio is defined as the
volatile matter mass fraction divided by the fixed carbon mass
fraction. A number of devolatilization models have been developed
by various researchers, such as the CPD model [28,29], FG-DVC
model [30] and FLASHCHAIN model [31–38]. In this study, the
FLASHCHAIN model and the CPD model, which can predict the de-
tailed devolatilization process of coal particles, are used for the
devolatilization simulations. For the FLASHCHAIN model, only the
data from proximate analysis and ultimate analysis are required,
while four of the parameters from 13C NMR measurement, which
are Mcl (the average molecular weight per aromatic cluster), Md

(the average side-chain molecular weight), r + 1 (the average
number of attachments per cluster), and p0 (the fraction of intact
bridges), in addition to the data from ultimate analysis are required
for the CPD model. Since the data from 13C NMR measurement
were not available, these four parameters for the CPD model were
estimated by the correlation proposed by Genetti et al. [39].

Figures 1 and 2 show V�/V�0, which is appropriate value for the
Q-factor, as a function of coal particle heating rate for different coal
rank. For the CPD model, the result for Adaro coal could not be ob-
tained because of the divergence in the simulation. This is consid-
ered to be caused by that the properties of Adaro was out of range
for the correlation. It is shown that V�/V�0 increases with increasing
coal particle heating rate for all coal rank in both Figs. 1 and 2. It is
found that the variation of V�/V�0 with the coal particle heating rate
is large. In Fig. 1 (predicted by the FLASHCHAIN model), for in-
stance, when the coal particle heating rate increases from
3 � 103 to 2 � 105 K/s, V�/V�0 increases from 1.4 to 1.7 for New-
lands, a change of more than 20%. In the same way, V�/V�0 increases
from 1.42 to 1.54, which is more than 8%, with the increase of the
heating rate from 103 to 106 K/s for Newlands, in Fig. 2 (predicted
by the CPD model).

Figures 3 and 4 show the effect of the coal particle heating rate
on the devolatilization rate coefficient, Kv, for Newlands coal
predicted by the FLASHCHAIN model and the CPD model in an
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Arrhenius diagrams. It is found that Kv increases with the increase
of heating rate for both the FLASHCHAIN model and the CPD mod-
el. In Fig. 3 (predicted by the FLASHCHAIN model), for example, Kv

increases by approximately two orders of magnitude when the coal
particle heating rate increases from 3 � 103 to 2 � 105 K/s. In the
same manner, Kv increases over two orders of magnitude when
the coal particle heating rate increases from 103 to 106 K/s, in
Fig. 4 (predicted by the CPD model). Although there are some
discrepancies between absolute values predicted by the FLASH-
CHAIN model and that predicted by the CPD model, the tendencies
that the Kv increases with the heating rate monotonically are
consistent.
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Fig. 2. V�/V�0 (Appropriate value for Q-factor) as a function of the coal particle
heating rate calculated by the CPD model.
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Fig. 3. Effect of the coal particle heating rate on Kv (in Eq. (2.1)) for Newlands coal
calculated by the FLASHCHAIN model.
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Fig. 4. Effect of the coal particle heating rate on Kv (in Eq. (2.1)) for Newlands coal
calculated by the CPD model.
Despite the fact that there are large variations of appropriate
values for the devolatilization parameters depending on the coal
particle heating rate, the devolatilization parameters are identical
for all coal particles in the conventional model. Such a treatment
can cause relatively large errors in the predicted amount of the vol-
atile matter evolved from coal particles in a numerical simulation.
These errors can cause errors in the prediction of gas flows and
particle behavior. To minimize such errors, a new model for the
devolatilization is developed in this study.

2.3. Two competing rate reaction model

To take into account the effects of heating rate on devolatiliza-
tion parameters, the model utilizing two competing mechanism
was suggested by Kobayashi et al. [25] (two competing reaction
rate model). In this model, two competing overall reactions are
considered as follows.

ð2:13Þ

The volatile evolution rate is expressed by following equations.

VðtÞ
ð1� Pmoist � PashÞmp

¼
Z t

0
ða1R1 þ a2R2Þ exp �

Z t

0
ðR1 þ R2Þdt

� �
dt

ð2:14Þ

R1 ¼ A1 exp � E1

RTp

� �
ð2:15Þ

R2 ¼ A2 exp � E2

RTp

� �
ð2:16Þ

Here, a1 and a2 are mass stoichiometric coefficients, A1 and A2 are
pre-exponential factors, E1 and E2 are activation energies for two
reactions. Using this model, the changes in the amount of volatile
matter and devolatilization rate depending on particle heating
rate can be considered. However, it is difficult to obtain appropri-
ate values for these six parameters in advance of the simulation.
Du and Chen [26] conducted numerical simulations of a coal com-
bustion field using different sets of values for these parameters
and found that these parameters strongly affect the simulation
results. A trial-and-error method is required to obtain appropriate
parameters for these parameters and it may take a lot of time
and effort.

2.4. Tabulated-devolatilization-process model (TDP model)

To consider the variation of Av, Ev and mvola for each coal parti-
cle, a new model employing a tabulated-devolatilization-process
model (TDP model) is developed in this study. Figure 5 shows
calculation flow charts for the conventional model and TDP model.
In the TDP model, a devolatilization database including various
temperature histories and devolatilization parameters (Av, Ev and
mvola) for each temperature history is prepared in advance of the
calculation. The devolatilization database can be constructed from
the results of experiments using apparatus such as a drop tube
furnace as well as from the results of simulations using devolatil-
ization models such as the CPD model [28,29], FG-DVC model
[30] or FLASHCHAIN model [31–38]. In this study, PC Coal Lab
[40], which can simulate the devolatilization process of a coal par-
ticle based on the FLASHCHAIN model [31–38], was used to pro-
duce the devolatilization database. The number of temperature
histories in the database produced using PC Coal Lab is 81, with



Fig. 5. Calculation flow charts for the conventional model and TDP model.
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particle heating rates of 1.7 � 103–5.9 � 107 K/s. In the conven-
tional model, the devolatilization parameters are unchanged dur-
ing the CFD calculation as shown in Fig. 5. In the TDP model, on
the other hand, appropriate values for the devolatilization param-
eters are set for each coal particle at each iteration step. The
concrete procedure is as follows:

1. First, the devolatilization parameters are set at initial values.
2. The CFD calculation is performed using the devolatilization

parameters.
3. After one iteration, the particle temperature history calculated

in the last iteration is compared with all temperature histories
in the devolatilization database for each coal particle (Fig. 6).
The temperature history that is closest to the particle tempera-
ture history obtained from the last CFD iteration is selected
from the devolatilization database.

4. The devolatilization parameters associated with the selected
temperature history are set as the parameters for the next
CFD iteration.

Steps 2–4 are repeated until the convergence of the CFD calcu-
lation result is achieved.

In the TDP model, mvola varies with the particle heating rate as
previously explained. The variation of mvola means the variation of
the chemical elements composition ratio and the calorific value of
Fig. 6. Schematic diagram of selection process (step t in Fig. 5).
the volatile matter. Therefore, a number of the volatile matters as
postulated chemical species must be defined if the volatile matters
are to be treated in the same manner as in the conventional model,
i.e., treating the volatile matters as CaHbOc. In this case, a large
computation time is required because a number of transport equa-
tions for CaHbOc must be solved. In the TDP model, to avoid a large
increase in the computation time, the volatile matters are treated
as postulated chemical species composed of CH4low, CH4high,
C2H2, O2 and HCN, instead of CaHbOc as in the conventional model.
CH4low and CH4high have same composition of chemical elements
but their calorific values are different. By employing this treatment
of the volatile matter, the number of chemical species that must be
defined is not changed even if the number of values for mvola is
increased by the addition of data to the devolatilization database.
The mass fractions of the chemical species are expressed by the
following equations.

mvola ¼ mCH4 þmC2H2 þmO2 þmHCN ð2:17Þ

mvola ¼ mC;vola þmH þmO þ ð1� jÞmN ð2:18Þ

mC;vola ¼
12
16

mCH4 þ
24
26

mC2H2 þ
12
27

mHCN ð2:19Þ

mC;char ¼ ð1� Pmoist � PashÞ � UC �mC;vola ð2:20Þ

mH ¼ ð1� Pmoist � PashÞ � UH

¼ 4
16

mCH4 þ
2

26
mC2H2 þ

1
27

mHCN ð2:21Þ

mO ¼ ð1� Pmoist � PashÞ � UO ¼ mO2 ð2:22Þ

mN ¼ ð1� Pmoist � PashÞ � UN ¼
1

ð1� jÞ
14
27

mHCN ð2:23Þ

mC;char þmvola ¼ ð1� Pmoist � PashÞ ð2:24Þ

The mass fraction of each chemical species for an arbitrary value of
mvola can be obtained by solving the above simultaneous equations.

To conform the overall calorific value of a coal particle in the
numerical simulation to the calorific value obtained by proximate
analysis, the ratio of the mass fraction between CH4low and CH4high

is calculated by the following equations.
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Dhvola ¼
mCH4

mvola
ðnDhCH4low þ ð1� nÞDhCH4highÞ þ

mC2H2

mvola
DhC2H2 ð2:25Þ

Dhvola ¼
GCV � DhcharmC;char þ DhlatPmoist

mvola
þ Dhdev ð2:26Þ

Dhchar ¼ hC þ
MO2

MC
hO2 �

MCO2

MC
hCO2 ð2:27Þ

mCH4 ¼ nmCH4low þ ð1� nÞmCH4high ð2:28Þ

Using the Eqs. (2.25)–(2.28), the overall calorific value of a coal par-
ticle (MJ/kg-coal) in the numerical simulation employing the TDP
model can be conformed to the calorific value of the coal obtained
from proximate analysis, same as the conventional model.

3. Other models for numerical simulations of pulverized coal
combustion field

The simulation was performed using the STAR-CD code with the
TDP model incorporated as a user subroutine. The mathematical
models and numerical methods other than the devolatilization
model employed here are as follows.

The gas-phase turbulence was represented by the renormaliza-
tion group (RNG) k–e model [41,42], which is believed to give more
accurate results for swirling and other highly strained flows than
the generally used standard k–e model [43]. The gas-phase time-
averaged continuity equation and conservation equations of the
momentum, turbulent kinetic energy, dissipation, enthalpy and
species are

@

@xi
ðqguiÞ ¼ 0 ð3:1Þ

@

@xi
ðqgui/Þ ¼

@

@xi
C/

@/
@xi

� �
þ S/ þ Sp/; ð3:2Þ

where u denotes the generalized variables expressing fluid velocity
components ui, the turbulent kinetic energy k, the rate of eddy dis-
sipation e, the fluid enthalpy h and the mass fractions of chemical
species Yi. Cu denotes the turbulent exchange coefficient, and Sf

and Spu represent the gas-phase source terms that are in addition
to the convection and diffusion terms and the particle-phase source
terms, respectively. The actual forms of these terms are provided in
other papers [41–44]. The continuity and momentum equations
were solved using the PISO algorithm [45,46]. The nonlinear terms
in the conservation equations were approximated by a first-order
upwind scheme, and a second-order central-difference scheme
was employed for other derivatives.

The equation of motion for the representative coal particles is
given by

mp
dupi

dt
¼ 1

2
CdqpApjufj � upjjðufi � upiÞ ð3:3Þ

Cd ¼
24ð1þ 0:15Re0:687

p Þ
Rep

ð3:4Þ

Rep ¼
Dpjufi � upij

m
; ð3:5Þ

The effect of the turbulence of the gas phase on particle motion was
modeled by a stochastic method [47]. The particle temperature Tp

was calculated by considering the heat transfer due to convection,
radiation, heat loss due to the evaporation of moisture and the
devolatilization reaction in coal particle, and heat gain due to char
combustion, using the following equation:
Table 2
Parameters for Eq. (3.12).

Reactant Ag Eg (J/kmol)

CaHbOc, CH4low, CH4high, C2H2CO 3.09 � 108 1.67 � 108

1.26 � 1010 1.67 � 108
mpcp;p
dTP

dt
¼ �AshðTp � TgÞ þ AseprðH4

R � T4
pÞ þ Dhlat

dmp;w

dt

þ Dhdev
dmp;v

dt
þ _qchar ð3:6Þ

h ¼
kgZð2þ 0:6Re1=2

p Pr1=3Þ
ðeZ � 1ÞDp

ð3:7Þ

Z ¼ �cp;gðdmp=dtÞ
pDpkgð2þ 0:6Re1=2

p Pr1=3Þ
ð3:8Þ

HR ¼ ðI=4rÞ1=4
; ð3:9Þ

where the radiant intensity I [J/(m2 s)] was calculated by the dis-
crete ordinates method [48], which simulates the radiative heat
transfer among the gas, particles and wall. The absorptivities of
the coal particles and wall are assumed to be 0.85 and 0.4, respec-
tively. Also, the absorption coefficient of the gas was set at 0.075.
The interaction of the conserved properties between the gas phase
and the coal particles was calculated by the particle-source-in cell
(PSI-Cell) technique [49].

Gaseous combustion between the volatile matter and air was
calculated using a combined model of the kinetics and eddy dissi-
pation models [50]. The chemical mechanism consists of two glo-
bal reactions. In the conventional model, the reactions are
expressed by the following formulas.

CaHbOc þ O2 ! aCOþ bH2O
COþ O2 ! CO2

ð3:10Þ

In the TDP model, the reactions are expressed by the following
formulas:

CH4lowþ 1:5O2 ! COþ 2H2O
CH4highþ 1:5O2 ! COþ 2H2O
C2H2 þ 1:5O2 ! 2COþH2O
COþ O2 ! CO2

ð3:11Þ

Regarding the kinetics, the rate of reaction for the reactants is given
as an Arrhenius expression:

Rg ¼ AgTd
g exp � Eg

RTg

� �
½Reactant�f ½H2O�h½O2�k: ð3:12Þ

In this study, the rate parameters for 2-step global reaction of CH4

employed by Pember et al. [51] are used as the rate parameters
for all of reactions of volatile matter. The parameters in Eqs. (5.6)
and (5.8) in Ref. [51] are used. The values of the parameters are
listed in Table 2.

The char burning rate was calculated using Field’s model [52]:

dC
dt
¼ � KcKd

Kc þ Kd

� �
PgpD2

p ð3:13Þ

Kd ¼
5:06� 10�7

Dp

Tp þ Tg

2

� �0:75

ð3:14Þ

Kc ¼ Ac exp � Ec

RTp

� �
ð3:15Þ

This model is obtained under the assumption that the char burning
rate is controlled by both the chemical reaction rate and the rate of
diffusion of oxygen to the surface of the char particle. The values of
the kinetic parameters Ac and Ec in Eq. (3.15) are 1.1 � 10�2 [(kg/
m2 s)/(N/m2)] and 5.0 � 104 [J/mol], respectively [3].
d (–) f (–) h (–) k (–)

0.5 1 0 1
0 1 0.5 0.25



Table 3
Coal properties for CFD simulation.

Coal Newlands

Proximate analysis (wt.%)
Moisturea (3.4)
Volatile matterb 29.19
Fixed carbonb 54.76
Ashb 16.05
Fuel ratio (–) 1.88

Primary air
+

Pulverized coal

Secondary
and tertiary

air

Burner

Exit of
the furnace

Forced draft fan

Staged combustion
airport

3.0m

Measurement port
for temperature and
gas temperature

Fig. 7. Schematic of pulverized-coal-combustion test furnace.
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4. Computational domain and conditions

The test furnace studied here is that at the Energy Engineering
Research Laboratory of CRIEPI, in which an advanced low-NOx

burner (CI-a burner [4]) with a coal combustion capacity of about
100 kg/h is installed (Fig. 7). The furnace is a water-cooled furnace
made of steel with refractory materials placed on the inside wall.
The diameter and length of this furnace are 0.85 m and 8 m,
respectively.

The configuration of the computational domain is shown in
Fig. 8. This was designed to faithfully match the actual configura-
tion. The computational domain is half of the furnace, and a peri-
odic condition is applied in the azimuthal direction. Combustion
air was injected into the furnace through the burner and staged
combustion air ports located 3.0 m from the burner outlet. The
air passing through the burner was divided into primary, second-
ary and tertiary air. The primary air, which carries pulverized coal,
had straight motion, and the secondary and tertiary air had strong
swirling motion. The swirl vane angles for the secondary and
tertiary air were set at 81� and 63�, respectively, which are the
optimum values for bituminous coal (these values are zero when
the swirl force is zero).

The operating conditions of the furnace in the simulation were
given to correspond with those in our experiment. The thermal in-
Fig. 8. Computational domain.
put of the coal combustion test furnace was 8.62 � 106 kJ/h (the
coal feed rate for each burner was approximately 100 kg/h). The
excess air ratio was 1.24, and the O2 mole fraction at the furnace
outlet was 4.0%. The staged combustion air ratio was set to 30%.
The mass ratio of the pulverized coal (dry base) to the primary
air was 1:2.2, and the mass ratio of secondary air to tertiary air
was 1:6. The temperature of the primary air was set to 353 K,
and that of the secondary and tertiary air was 598 K. Regarding
the boundary condition on the wall, the temperature outside the
furnace was assumed to be 308 K and thermal resistance was set
to 0.04 (m2 s K)/J.

The test fuel is Newlands bituminous coal, the properties of
which are listed in Table 3. It was assumed that the pulverized coal
particles had diameters Dp of 5, 20, 40, 60, 80 and 100 lm. The
Ultimate analysisb (wt.%)
C 71.70
H 4.33
N 1.43
O 6.30
Combustible sulfur 0.19
Heating value (low)b (MJ/kg) 28.13

a As received basis.
b Dry basis.

Table 4
Initial diameter, mass fraction and number of representative coal particles.

Dp (lm) MFp (–) Np (–)

5 6.76 320
20 26.81 1280
40 24.00 1120
60 16.25 800
80 12.20 640

100 13.98 640

Table 5
Parameters for the conventional model.

Case Ref. Av (1/s) Ev (J/kmol) Q (–)

2 Tominaga et al. [53] 2.02 � 103 3.11 � 107 1.2
3 Solomon and Hamblen [54] 4.5 � 1013 2.20 � 108 1.5
4 Johnson et al. [55] 1.0 � 1013 1.8 � 108 1.8



Table 6
Parameters for the two competing reaction rate model.

Case Ref. a1 a2 A1 (1/s) A2 (1/s) E1 (J/kmol) E2 (J/kmol)

5 Kobayashi et al. [25] 0.3 1 2.0 � 105 1.3 � 107 1.05 � 108 1.67 � 108

6 Cho et al. [56] 0.38 0.8 3.7 � 105 1.46 � 1013 7.4 � 107 2.5 � 108

7 Ubhayakar et al. [57] 0.292 0.438 3.7 � 105 1.46 � 1013 7.4 � 107 2.5 � 108

0.6 0.8 1 1.2 1.4 1.6
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10-1
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1/
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: Case 2 (Tominaga et al. [53])
: Case 3 (Solomon et al. [54])
: Case 4 (Johnson et al. [55])
: TDP Maximum heating rate
: TDP Minimum heating rate

Fig. 9. Kv (in Eq. (2.1)) in an Arrhenius diagram employed by the conventional
model cases.
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mass fractions MFp of coal particles and their representative
particle numbers Np are shown in Table 4. MFp were decided to
correspond with the actual particle size distribution in the experi-
ment. The temperature and velocity of the particles at the burner
inlet were equal to those of the primary air (353 K).

In this study, the simulations employing the conventional mod-
el and the two competing reaction rate model using various
parameters were conducted. Rate parameters used are listed in Ta-
bles 5 and 6. Figure 9 shows Kv (in Eq. (2.1)) in an Arrhenius dia-
gram employed in the conventional cases listed in Table 5. Kv for
the maximum heating rate and the minimum heating rate in the
devolatilization database employed by the TDP model are also
indicated in Fig. 9. For the TDP model, Kv between the Kv for the
maximum heating rate and for the minimum heating rate in the
database is chosen for each coal particle depending on the particle
heating rate.
5. Experimental measurement

Laser Doppler velocimetry (LDV) is used to measure the particle
velocity distributions in the test furnace. Figure 10 shows a sche-
matic of the measurement system. A commercial two-component
Fig. 10. Schematic diagram of particl
LDV system in a backscattering configuration and a 2 W argon-
ion laser (NEC GLG3282) are used for the measurement. The sys-
tem consists of a Colorburst multicolor beam separator, a Colorlink
multicolor receiver, an IFA655 signal processor and a fiber-optic
probe. The transmitting lens of the fiber-optic probe has a focal
length of 500 mm.

The radial distributions of the mean particle velocity at the axial
positions of Z = 0.26, 0.61, 0.99 and 1.39 in the furnace are mea-
sured by traversing the fiber-optic probe in the radial direction.
To protect the optical components in the fiber-optic probe from
the strong radiation of the luminous flame, the probe is set in a
water-cooled jacket.

The concentration of O2 in the furnace is measured by gas ana-
lyzer (paramagnetic method) using water cooled gas sampling
probe. The gas temperature in the furnace is measured with a Pt/
Pt–Rh (13%) sheath thermocouple.
6. Results and discussion

6.1. Particle behavior

Figure 11 shows the radial distributions of mean axial particle
velocities at the axial distances from the burner of Z = 0.26, 0.61,
0.99 and 1.39 m. The dashed lines in the graphs indicate
Uz = 0 m/s. Solid circles indicate the measurement results of the
experiment, and colored solid lines indicate the predictions by sim-
ulations. Case 1 indicates the particle velocities predicted by the
TDP model. Cases 2–4 indicate the particle velocities predicted
by the conventional model, and devolatilization rate parameters
used for these simulations are listed in Table 5. Cases 5–7 indicate
the particle velocities predicted by the two competing reaction rate
model, and devolatilization rate parameters are listed in Table 6.
The regions where there is no line for the Case 2, 5, 7 (for example,
X > 0.11 at Z = 0.26, X < 0.2 at Z = 0.61, X < 0.8 at Z = 0.99 and
X < 0.12 at Z = 1.39 for Case 2) indicate the regions where no repre-
sentative coal particles exist in the simulations. At the location of
Z = 0.26, Uz near the central axis is positive for the experimental
results and for the simulations other than the Case 2, whereas it
is negative for the Case 2. There is no significant difference in Uz
between simulations other than the Case 2. However, at the loca-
e velocity measurement system.
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Fig. 11. Radial distributions of mean axial particle velocities.
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tion of Z = 0.61, 0.99 and 1.39 m, there are large difference in Uz
between simulation results. At the location of Z = 0.61, Uz for sim-
ulations other than Case 2 are positive value in the region of
X < 0.1, while that for Case 2 is negative value. The simulations
for Case 1, 3, 4 and 6 overestimate the values of Uz. For the Cases
5 and 7, the values of Uz around the central axis are in the same
range with LDV measurement results. However, at the location of
Z = 0.99 m, Uz around the central axis for the Cases 5 and 7 are al-
most 0 m/s, while the LDV measurement results indicate that the
flow around the central axis is positive. For the Case 2, Uz is nega-
tive value in the region of X < 0.2. For the Cases 2 and 7, there is no
particle velocity data around the central axis because of the ab-
sence of representative particle around the central axis. At the
location of Z = 1.39 m, the values of Uz for the Case 1 (TDP model)
are in better agreement with the LDV measurement results com-
pared to that for other cases. The other cases underestimate the
values of Uz around the central axis. In addition, there is no particle
velocity data around the central axis for the Cases 2, 5, and 7. From
all of above results, it is considered that the particle behavior pre-
dicted by the TDP model (Case 1) is in better agreement with the
experiment than that predicted by other cases in this research. In
what follows, detailed differences in gas velocity, particle volume
fraction, volatile matter evolution rate, gas temperature and O2

mole fraction distributions in the furnace for characteristic cases,
i.e., for Cases 1, 2 and 7 are discussed.

Figure 12 shows the gas velocity vectors on the cross section at
the center of the furnace for the Cases 2, 7, and 1. The colors of the
vectors indicate the magnitude of the absolute velocity. It is ob-
served that the gas flow patterns predicted by the Case 2 (a) and
Case 1 (c) are considerably different. The gas flow velocity on the
central axis of the furnace for the Case 1 is positive throughout
the furnace, while there is a large region where the gas velocity
on the central axis of the furnace is negative near the burner exit
for the Case 2. For the Case 7, the positive flow near the burner exit
is stronger than that for Case 2. However, there is negative flow on
the central axis in the region around X = 1.0. These large differences
in the gas flow pattern cause the difference in the particle velocity
distributions shown in Fig. 11. For the Case 2, the coal particles,
which are supplied from the center of the burner with the primary
air, cannot penetrate the strong reverse flow region around the
central axis of the furnace. For the Case 1, on the other hand, most
of the particles advance straight with the positive flow around the
central axis. This is the reason why the axial distributions of the
particle velocity are markedly different between the simulations
as observed in Fig. 11.

Figures 13 and 14 show the particle volume fraction on the
cross section at the center of the furnace and the distributions of
the coal particles, respectively. The colors of the particle in
Fig. 14 indicate the particle temperature. The difference in the par-
ticle volume fraction is marked in Fig. 13. For the Case 2, almost no
particles exist around the central axis in the downstream region of
Z > 0.3, and a high particle volume fraction is observed near the
furnace wall. Most of the particles are blown to the region near
the furnace sidewall due to the strong negative flow on the central
axis as shown in Fig. 12a. Consequently, the particle volume frac-
tion near the furnace sidewall is high, while that near the central
axis is low in the downstream region of Z > 0.3. In the region near
the burner exit (Z < 0.3), the particle volume fraction around the
central axis is high and there is almost no particle with high tem-
perature in this region as observed in Fig. 14a. For the Case 7, al-
most no particles exist around the central axis in the down
stream region of Z > 0.9 as shown in Fig. 13b. This is caused by
the fact most of the particles are blown to the region near the fur-
nace sidewall due to the negative flow in the region around Z = 1.0
as observed in Fig. 12b, same as Case 2. For the Case 1, on the other
hand, a high particle volume fraction is observed around the



Fig. 13. Distributions of particle volume fraction on the cross section at the center
of the furnace.

Fig. 12. Gas velocity vectors on the cross section at the center of the furnace.
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central axis throughout the region in Fig. 13c. It should also be
noted that there are some particles with high temperature in the
region near the burner exit as observed in Fig. 14c. This particle
behavior for the Case 1 is consistent with the photograph of the
flame taken during the experiment.

Figure 15 shows the flame photograph obtained during the
experiment. A luminous flame with a columnar shape is observed
in the region around the central axis of the furnace. The luminous
flame begins from vicinity of the burner exit. In the region where
the luminous flame is observed, it is considered that there must
be high-temperature coal particles with sufficiently high particle
volume fraction to be observed as the luminous flame. As observed
in Figures 13 and 14c, for the Case 1, the high-temperature parti-
cles with a high particle volume fraction exist in the region around
the central axis where the luminous flame is observed in the exper-
iment. For the Case 2, on the other hand, they exist only in the re-
gion near the furnace sidewall where the luminous flame is not
observed in the experiment. For the Case 7, there is a region where
high-temperature coal particles are observed around the central
axis. However, the region is short and high-temperature coal par-
ticles are also observed near the furnace sidewall where the lumi-
nous flame is not observed in the experiment.

Overall, it is apparent that the Case 1 captures the observed
behavior of the coal particles better than the other cases.

6.2. Devolatilization behavior

Figure 16 shows the distributions of the volatile matter evolu-
tion rate on the cross section at the center of the furnace. The peak
value of the volatile matter evolution rate for the Case 1 is over two
times larger than that for the Cases 2 and 7. This is caused by the
fact that the coal particle heating rate in this study is relatively
high.

Figure 17 shows the probability of selection of each temper-
ature history in the devolatilization database when particle tem-
perature histories calculated in the CFD iteration are compared
with temperature histories in the database (Fig. 6) for the TDP
model. The horizontal axis indicates the particle heating rate of
each temperature history in the devolatilization database. The
probabilities of selection of the temperature histories were
calculated by averaging the number of selections during 1000
iterations after the convergence of the CFD calculation was
achieved. It is found that the heating rates of most of the parti-
cles are in the range of 104–106 K/s. In the TDP model, Av and Ev

giving a high devolatilization rate, and a high value of mvola for
the particle are set for the next iteration when a temperature
history with a high heating rate is selected from the devolatiliza-
tion database. Consequently, the volatile matter evolution rate in
the region near the burner exit for the TDP model is higher than
that for the conventional model, as can be observed in Fig. 16.
The larger amount of volatile matter evolved from the coal par-
ticles causes greater gas expansion due to the increase in the gas
volume and the combustion of volatile matter. In other words,
the gas expansion due to the volatile matter evolution and its
combustion in the region near the burner exit for the TDP model



Fig. 14. Distributions of coal particles with particle temperature.

Fig. 15. Flame photograph obtained during the experiment.

Fig. 16. Distributions of volatile matter evolution rate on the cross section at the
center of the furnace.
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is greater than those for the conventional model. This is the rea-
son why the gas flow patterns predicted by the TDP model and
other cases are markedly different in Fig. 12. Because of the
large gas expansion owing to the high evolution rate of volatile
matter, the penetrating force of the straight flow from the pri-
mary air, which is supplied with the pulverized coal particles
from the center of the burner, is strong for the Case 1. Due to
the strong penetrating force, the straight flow from the primary
air can overcome the recirculation flow induced by the second-
ary and tertiary air, which have strong swirling motion. Conse-
quently, the gas flow velocity on the central axis of the
furnace for the TDP model is positive throughout the furnace.



Fig. 18. Distributions of the predicted gas temperature and the value indicated by the

Fig. 17. Probability of selection for each particle heating rate of temperature history
in the devolatilization database during the selection process (Fig. 6).
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For the Case 2, on the other hand, the straight flow from the pri-
mary air cannot overcome the recirculation flow induced by the
secondary and tertiary air, because the penetrating force of the
straight flow from the primary air is weak due to the low
evolution rate of volatile matter. It should also be noted that
the large variations in particle heating rate depending on the ini-
tial diameter are observed in Fig. 17. It is found that the smaller
the initial diameter is, the higher the heating rate of the selected
temperature history is.
6.3. Gas temperature and O2 mole fraction distributions

Figure 18 shows the distributions of the predicted gas temper-
ature and the value indicated by the thermocouple in the experi-
ment on the cross section at the center of the furnace. The
radiative heat loss from the thermocouple was not corrected be-
cause of the difficulty of the estimating the furnace wall tempera-
ture. For the Case 2, the maximum temperature is observed in the
region near the furnace wall. This is caused by the fact that the
thermocouple in the experiment on the cross section at the center of the furnace.



Fig. 19. Distributions of the predicted O2 mole fraction and that measured in the experiment on the cross section at the center of the furnace.
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most of the char combustion reaction takes place near the furnace
wall because most of the coal particles are blown to the region near
the furnace sidewall for the Case 2, as previously explained. For the
Case 7, the maximum temperature is observed near the burner exit
and in the region near the furnace wall. For the Case 1, on the other
hand, the maximum temperature is observed in the region near the
central axis of the furnace, and this tendency is consistent with
that observed in the experiment.

Figure 19 shows the distributions of the predicted O2 mole frac-
tion and that measured in the experiment on the cross section at
the center of the furnace. For the Cases 2 and 7, the gradient
of the O2 mole fraction in the radial direction is relatively small
and the O2 mole fraction is low regardless of the radial position,
in the downstream region of Z > 1.5 m. For the Case 1, on the other
hand, the O2 mole fraction in the region near the central axis is
nearly 0, and the O2 mole fraction increases as the radial distance
from the central axis increases in the downstream region of
Z > 1.0 m. This tendency is consistent with that observed in the
experiment.

In this study, it was found that the particle behavior predicted
by the TDP model is in better agreement with the experiment than
that predicted by other cases in this research. Even for the conven-
tional model or the two competing reaction rate model, it may be
possible to obtain particle velocity distributions similar to that for
the TDP model by adjusting the devolatilization parameters. How-
ever, a trial-and-error method is required to obtain appropriate
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values for the devolatilization parameters because the coal particle
heating rates, which depend strongly on the combustion field,
cannot easily be known in advance. Furthermore, the influence of
variations in coal particle heating rate as observed in Fig. 17 on
the devolatilization behavior cannot be taken into account by the
conventional model. Even though the two competing reaction rate
model can consider the effect of coal particle heating rate, it is
found that inappropriate devolatilization parameters might cause
the large error in the particle behavior prediction.

Although the particle velocity distributions predicted by the
TDP model was in better agreement with the experiment than that
predicted by the other models, there are some discrepancies
between the TDP model and the experiment. For instance, in
Fig. 11, the discrepancies in the particle velocity distributions
between the simulation employing the TDP model and the exper-
iment at Z = 0.26 and 0.61 m are relatively large, while the discrep-
ancies at Z = 0.99 and 1.39 m are relatively small. This is considered
to be due to the low accuracy of the prediction of turbulent mixing
for the RNG k–e model. Watanabe et al. [58] performed a numerical
simulation of swirling cold-flows in the same test furnace as that
used in this study and found that the accuracy of the prediction
of the characteristics of the recirculation flow by the k–e model
is lower than that obtained by the large-eddy simulation (LES).
Therefore, the coupling of the TDP model with the LES is our
future work.

7. Conclusions

In this study, numerical simulations of a pulverized coal com-
bustion field formed by an industrial low-NOx burner in a
100 kg-coal/h test furnace were performed employing the TDP
model, and its validity was examined. The predicted characteristics
of the pulverized coal combustion field are compared with those
employing the conventional model and the two competing reac-
tion rate model.

It was found that the particle behavior predicted by the TDP
model was in better agreement with the experiment than that
predicted by the other models. The differences in the coal particle
behavior were caused by the difference in the gas flow patterns.
The gas flow patterns predicted by the TDP model and the conven-
tional model with the some rate parameters were markedly
different. This large difference was caused by the fact that the
penetrating force of the flow from the primary air port was strong
for the TDP model due to the strong gas expansion effect. The large
gas expansion effect for the TDP model is caused by the high
volatile matter evolution rate from the coal particles with a high
particle-heating rate. Consequently, the straight flow from the
primary air port is dominant for the TDP model, while the large
recirculation flow induced by the swirling flow is dominant for
the conventional model. The inappropriate prediction of devolatil-
ization behavior by the conventional model observed in this study
is attributed to the fact that the devolatilization parameters are
given based on the empirical information obtained from different
combustion fields, whereas those for the TDP model are selected
for individual particle based on the information obtained from
the combustion field of interest. Even though it is considered that
it is possible to obtain particle velocity distributions similar to that
for the TDP model by adjusting the devolatilization parameters for
the conventional model or the two competing reaction rate model,
a trial-and-error method is required to obtain appropriate values
for the devolatilization parameters. Furthermore, the variations
of devolatilization parameters depending on the coal particle
heating rate cannot be considered in the conventional model. By
employing the TDP model, appropriate devolatilization para-
meters are automatically set to particles depending on the particle
heating rate.
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