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Abstract

In this study, the soot formation characteristics in a pulverized-coal combustion field formed by a 4 kW Central
Research Institute of Electric Power Industry (CRIEPI) jet burner were predicted by large eddy simulation (LES)
employing a tabulated-devolatilization-process model (TDP model) [N. Hashimoto et al., Combust. Flame 159
(2012) 353-366]. This model enables to take into account the effect of coal particle heating rate on coal pyrolysis.
The coal-derived soot formation model proposed by Brown and Fletcher [A. L. Brown and T. H. Fletcher, Energy
Fuels 12 (1998) 745-757] was employed in the LES. A comparison between the data predicted by LES and the soot
volume fraction distribution data measured by laser induced incandescence confirmed that the soot formation char-
acteristics in the coal combustion field of the CRIEPI burner can be accurately predicted by LES. A detailed analysis
of the data predicted by LES showed that the soot particle distribution in this burner is narrow because the net soot
formation rate is negative on both sides of the base of the soot volume fraction. At these positions, soot particles
diffused from the peak position of soot volume fraction are oxidized due to a relatively high oxygen concentration.
Finally, the effect of soot radiation on the predicted gas temperature distribution was examined by comparing the
simulation results obtained with and without soot radiation. This comparison showed that the maximum gas tem-
perature predicted by the simulation performed with soot radiation was over 100 K lower than that predicted by the
simulation performed without soot radiation. From result strongly suggests the importance of considering a soot
formation model for performing numerical simulations of a pulverized-coal combustion filed.
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1. Introduction

Coal-fired thermal power plants generate over 40% of the total electricity that is produced worldwide, and
pulverized-coal combustion is used in the majority of them. Coal, as fuel, is expected to continue being a major
source of energy in the future owing to its abundance and wide distribution. From this viewpoint, to achieve a
more sustainable society and processes with improved efficiency, it is of high interest to reduce air pollution in
coal-fired thermal power plants. To attain this, understanding the gas flow patterns, temperature distribution,
distribution of chemical species concentration, and the behaviour of coal particles in furnaces is very important.
Numerical simulations can be a useful tool to understand such phenomena in furnaces, and various models and
simulation techniques for pulverized-coal combustion fields have been developed. On the other hand, validation
data are necessary for the development of new models and simulation techniques. Recently, various researchers
have conducted numerical simulations of pulverized-coal combustion field formed by a small coal jet burner
from the Central Research Institute of Electric Power Industry (CRIEPI) [1-4] for validation purposes. Several
optical methods such as laser Doppler velocimetry and shadow Doppler particle analysis for particle velocity
[3], planar laser-induced fluorescence (PLIF) for OH radicals [3], Mie scattering imaging for coal particle dis-
tribution [2,3], laser-induced incandescence (LII) for soot volume fraction [1,2], time-resolved laser induced
incandescence (TiRe-LII) for primary soot particle diameter distribution [1], and simultaneous PLIF and LII for
distributions of polycyclic aromatic hydrocarbons (PAHs) and soot particles [4], were applied to this burner.
Using these experimental data, Reynolds averaged Navier-Stokes (RANS)-based simulations [5—8], large eddy
simulations (LES) [9-15], and direct numerical simulations (DNS) [16-20] were conducted. However, for most
of these simulations, soot particle formation was not considered despite the importance of soot particles as
intermediate substances in the combustion process of volatile matter. Soot particles are also an important me-
dium for radiative heat transfer. Recently, Xu et al. [8] conducted a RANS-based simulation with a soot for-
mation model for CRIEPI burner and found that the effect of radiative heat transfer through soot particles was
significant. However, no soot formation model has not been developed for LES. To the best of our knowledge,
this is the first study that reports the characteristics of soot formation in a pulverized-coal combustion field
predicted by LES. The purpose of this study is an establishment of soot formation model for LES of a turbulent
coal flame and to investigate the effect of soot radiation on the temperature field of a turbulent coal flame.

In this study, the soot formation model proposed by Brown and Fletcher [21] was combined with a tabulated-

devolatilization-process (TDP) model [22] and adapted to the LES performed for a pulverized-coal combustion
5



field. The accuracy of the soot formation model proposed by Brown and Fletcher was validated using data
obtained by thermophoretic sampling in a laminar flow reactor [21]. In this study, validation of the soot for-
mation model using two-dimensional data obtained by LII for the soot volume fraction distribution in a turbulent
coal flame was conducted. Generally, most soot particles are considered to be generated from tar after the de-
volatilization of coal particles [21]. Therefore, a devolatilization model would play an important role in the
prediction of soot formation. By employing TDP model [22], the effect of coal particle heating rate on devolat-
ilization was considered. Numerical simulations were performed for the pulverized-coal combustion field
formed by CRIEPI burner [1-3], and the simulation data were compared with the experimental data. Finally, the

impact of radiative heat transfer on the temperature field was also examined.

2. Numerical models
2.1 Devolatilization model

In numerical simulations of the pulverized-coal combustion, the following equations for the devolatilization has

been widely used:

av/dt = K,(V* —V) (1)
K, = A,exp(—E,/R,T,), (2

where I/ *and V are the amount of volatile matter to be evolved and the amount of volatile matter which has already
been evolved at a given time, respectively. Ay, Ey, R,, and T, are the pre-exponential factor, activation energy, gas
constant, and the coal particle’s temperature, respectively.

In this study, a TDP model [22] was employed to consider the effect of particle heating rate on pyrolysis. The TDP
model allows changing the parameters, V*, A,, and E,, based on the heating rate of each particle. Those parameters
are tabulated in the devolatilization database. In this study, the database produced by Hashimoto et al. [8] using
software PC Coal Lab that can simulate the devolatilization process of coal with a FLASHCHAIN model [23], was

adopted.

2.2 Soot model



In this study, soot was treated as a gas phase and its conservation equations are expressed as follows [24]:

dpsp 0
e -<pg“1"’
j
do uw oT 3)
Pg sa——Vf(Pa—xj =99,

where ¢ is either N (number density of soot particles) or Y, (soot mass fraction). Ds and yare the soot diffusion
coefficient and the coefficient for the thermophoretic force acting on the soot (expressed by Eq. (7)), respec-

tively. Ds was calculated using following equation:

Ds = u/apg > 4

where |, 0 and pg are the viscosity of the gas, Schmidt number (= 700 [2]), and the gas density, respectively.

Sy, (source term of Y¢;) is expressed using the following equation:

SYC = Pg (Fre — Toc), ®)

where 75¢ and 7o are the soot formation and soot oxidation rates, respectively. Sy,. (source term of N¢) is ex-

pressed using the following equation:

Pg( Ny . . )
Sy =—2(—=— . — , (6
N¢ Ny \Mg - Cooir Trc — Tan (6)

where 7y, M and Cpy,;;, are the soot agglomeration rate, molecular weight of carbon, and the number of carbon
atoms per incipient soot particle, respectively. In this study, C,,,;, was set to 100, based on K. M. Leung et al.

[25]. The term » in Eq. (3) represents the thermophoretic transport, and is expressed by the following equation:



where the accommodation coefficient A was set to 1.0 [26]. The soot formation rate from Eq. (5) is expressed us-

ing the following equation:

where MWrqy,, Apc, Epc and R are the molecular weight of the tar species, the pre-exponential factor, the activa-
tion energy, and the gas constant (= 8.314 J/mol/K), respectively. Y5 14, (tar mass fraction) was calculated using

the TDP model [22]. The soot oxidation rate in Eq. (5) is expressed by the following equation:

1
Toc = SAyc Po,"T 2-Aoc
Eoc

e RT

)

where SA,, ¢, and p,, represent the soot particle surface area per unit volume and the oxygen partial pressure, re-
spectively. In this study, soot particles are assumed to be spherical, and SA,, - is expressed by the following equa-

tion:

3 2 3 (10
SAV,C = (T[ - NC)3 . (6 . YC)3 . pg . pC ‘

where p. represents the soot particle density (= 1950 kg/m® [21]). The soot agglomeration rate in Eq. (6) is ex-

pressed using the following equation:

1 1
. 2 ( 6M, )E (6KT)E
T, = e
AN al " Pc Pc (11)
() om0,

where C, is the collision frequency constant, which was assumed to be 3 [21]. This term is found in the Smolu-
chowski equation for the particle agglomeration rate, as described by Ulrich [27]. The values for the pre-exponen-

tial factor and the activation energy are listed in Table 1.
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Table 1 transport equation source terms

Term A E Ref.
Tre 5.02x10% m*mol's 198.9x10° J-mol! J. Ma [28]
Toc 1.09x10*m'-s'kg" K2 164.5x10° J-mol™! Lee et al. [29]
Tan N/A N/A Fairweather et al. [30]

2.3 Radiative heat transfer

In this study, the prediction of the radiative heat transfer was modeled using the discrete ordinate method [31]
with the S4 approximation, which has 24 ordinate directions. The S4 approximation was selected to achieve
accuracy and to save computational time.

The coal particles emissivity €, was set to 0.85, based on Kurose et al. [32]. The absorption coefficient &, of the

soot and gas mixture can be expressed using the following equation:

kg = kg + ks (12)

where the gas absorption coefficient k, was set to 0.075, and the soot absorption coefficient kg was calculated

using the following equation [33]:

ks = 1.8644 x 103f, T, (13)

where f,, . is the soot volume fraction, and T is the gas temperature.

2.4 Motion of coal particles

Based on the motion equation for dispersed particles, the pulverized-coal particles were tracked in a Lagrangean
manner. The char burning rate was calculated using the Field’s model [34], which assumes that the char burning
rate depends on both the chemical reaction and the diffusion rate of oxygen to the surface of the char particles. The
interaction of conserved properties between the dispersed coal particle phase and gas phase was calculated using

the particle-source-in cell (PSI-Cell) technique [35].



3. Numerical methods

The LES solver used in this study was the FrontFlow/Red developed by Numerical Flow Designing Co., Ltd.
(NuFD). Dynamic Smagorinsky model was used as subgrid-scale (SGS) model. The SGS combustion model used
was the scale similarity filtered reaction rate model (SSFRRM) [36] to consider the effect of SGS fluctuations on
the filtered reaction rate by assuming that the largest of the SGSs are dynamically similar to the smallest of the
resolved scales [37]. The use of SSFRRM model for a pulverized-coal combustion field was validated by Ahn
et al. [14]. The generalized Favre filtered governing equation was solved for mass, momentum, species mass frac-
tion and enthalpy.

The convective terms for momentum was approximated by combining 90% of a second-order central difference
scheme with 10% of a first order upwind scheme. The convective terms for enthalpy and mass fractions were ap-
proximated by combining 50% of the second-order upwind scheme with 50% of the first-order upwind scheme.
Time integration was performed using the Crank-Nicolson scheme.

Figure 1 shows the schematic view of the computational domain. The overall shape of the computational domain
is a cylinder with a length of 560 mm (-60 < height above burner (HAB) < 500 mm) and a diameter of 200 mm.
The location of burner exit was set to HAB=0 mm. The number of fluid cells and nodes was about 2.0 and 1.8

million. The calculation time step, At, was set at 2x107s.

—{ cross sectional view of nozzle }—

500 mm

60 mm

200 mm

Fig. 1 Computational domain.

The simulation was performed based on the experimental conditions used by Hwang et al. [5]. Table 2 and 3

show the coal properties and experimental conditions. The air flow rate was set to 2.07 X 10* Nm?/s, which is

0.27 Nm?/s higher than the experimental value. This difference was introduced to account for the air that is
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sucked by the coal feeder and added into the main flow [8]. The methane flow rate supplied from the external

slit (0.5 mm) was set to 2.33 X 10> Nm?/s. The air velocity around the burner nozzle was set at 1.5 m/s.

Table 2 Coal properties.
Proximate analysis [wt%]
Moisture“ 2.6
Ash” 15.6
Volatile matter” 26.9
Fixed carbon” 57.9
Ultimate analysis [wt%]
Carbon” 71.9
Hydrogen” 4.4
Oxygen” 6.53
Nitrogen” 1.5
Sulfur” 0.39

o : as received basis, B : dry basis

Table 3 Experimental conditions
1.49 X 10* kg/s

1.80 X 10 Nm?/s
2.33X10° Nm?/s

Coal feeding rate
Air flow rate

Methane flow rate

Thermal input of
methane
Thermal input of
coal

0.83 kW (LHV)

4.19 kW (LHV)

Table 4 Initial diameter, mass fraction and
feeding rate of pulverized-coal particles

Dia. Mass Frac. Feeding Rate
[nm] [-] [kg/s]
5 6.76 1.01 X107
20 26.81 3.99X107
40 24 3.58 X107
60 16.25 2.42X107
80 12.2 1.82X107
100 13.98 2.08 X107

Total 1.49x10*

Table 4 shows the particle diameter distribution in the simulation. It was assumed that the pulverized-coal
particles presented 6 different diameters. In addition, particles were classified according to their actual particle
size distribution. The temperature and velocity of these particles in the inlet boundary were set to 298 K and

7.99 m/s, respectively, matching the experimental values.
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4. Results and discussions

4.1 Flame shape

Simulation

Direct photograph

120 mm

Fig. 2 Comparison between calculated
coal particle distribution with coal parti-
cle temperature and direct photograph of

pulverized-coal jet flame.

Figure 2 shows a comparison between the calculated coal particle distribution and a direct photograph of a pulver-

ized-coal jet flame, as obtained by Hwang et al [3]. Based on this comparison, it was concluded that the calculated

distribution of the coal particles with a high temperature is largely consistent with the luminous flame shape.

100

90 |
80 |
70 |
60 |
50 |
40
30 f
20 f
10 |

0

Selection probability[%)]

——5um
=-20pm
——40pum
60pum
80pm
—-100um

1.00E+04

1.00E+05

1.00E+06

Coal particle heating rate in the devolatilization database [K/s]

Fig. 3 Selection probability of particle
heating rate for each coal particle diame-
ter during calculation.

4.2 Coal particle velocity and calculated particle heating rate for each diameter

Figure 3 shows the probability density functions (PDFs) of the calculated heating rate for each particle diameter.

It is found that the heating rate of smaller particles is higher than that of larger particles. This means that the ratio

of volatile matter mass to coal particle mass for smaller particles is higher than that for larger particles. In other

words, a larger amount of tar, which is the precursor of soot, is evolved from smaller particles.
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Figure 4 (a) and (b) show the radial distribution of the time-averaged axial velocity of coal particles at HAB = 60
and 120 mm, respectively. These graphical representations indicate that for particle velocity, the calculated results

are in good agreement with experimental results.

_ (a) HAB = 60 mm Exp. [3] LES
é’ 10 ‘A‘minl.m';[v] r A V| \
,: 3 we Burner Burner
£z center line center line
é 6 :
o 4
2
<
& ‘ ‘
0 2 4 6 8 10 12 14 75 mm
Radial distance [mm]
(a) HAB = 60 mm i
12
[ @) HAB = 120 mm |
gm A:\.L” DV) [7]
-8
26
(]
_; 4 0 S 0 15 20
B 5 Average soot
s - volume fraction [-]
=0 - m 1.04E-016
0O 2 4 6 8 10 12 14
Radial distance [mm] a
(a) HAB = 120 mm 00054000
Fig. 4 Radial distribution of mean axial Fig. 5 Comparison between measur.ed [1]
coal particle velocity at (a) HAB = 60mm and calculated soot volume fraction.

and (b) HAB = 120 mm.

4.3 Detailed radial distributions of the soot volume fraction and the net soot formation rate

As shown in Fig. 5, the shape of calculated average soot volume fraction distribution was consistent with the shape

of the distribution of the LII signal intensity, which is proportional to the soot volume fraction.
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Fig. 6 Comparison of the radial distributions for (a), (b) the soot LII signal [2] and the calcu-
lated soot volume fraction, (c), (d) the Mie scattering signal [4] and the calculated surface
area of coal particles, (¢), (f) the calculated gas temperature and the O, concentration, and

(g), (h) the net soot formation rate at a HAB=60 and 120 mm, respectively.

As shown in Fig. 6 (¢) and (d), the Mie scattering signal distributions expand radially as the HAB increases. This
tendency is well reproduced in the distributions of the calculated surface area of coal particles in the same graphs.
Furthermore, the positions of the LII signal peak and the calculated soot volume fraction peak in Figs. 6 (a) and (b)
are nearly the same. In addition, an expansion of the soot volume fraction distributions is also observed for both
experimental and calculated data. In the calculated gas temperature and oxygen mass fraction distributions shown
in Figs. 6 (e) and (f), it can be observed that at the position of the soot volume fraction peak the conditions of low
oxygen concentration, high gas temperature, and presence of pulverized-coal particles are simultaneously met. This
can be explained as follows: the positions of the net soot formation rate peak in Figs. 6 (g) and (h) match the posi-

tions of the soot volume fraction peak in Fig. 6 (e) and (f). The net soot formation rate distribution shows a negative

net soot formation rate at both sides of the base of soot volume fraction peak, despite the soot volume fraction
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steadily increasing at these positions as the HAB increases. This is due to the fact that the soot particles are diffused
from the soot volume fraction peak toward both sides by a turbulence effect. At the positions where a negative net
soot formation rate is observed, the oxygen concentration is higher than that in the positions of the soot volume
fraction peak. This higher oxygen concentration leads to a higher soot oxidation rate. Even though the absolute
value of the net negative formation rate is not that high, this position has a significant effect on the formation of a
high soot volume fraction area. Although the graph is not shown in this paper due to space constraints, the soot
formation and soot oxidation rates were much higher than the net soot formation (formation rate minus oxidation
rate). The negative net soot formation rate is observed in those positions where the soot volume fraction is high
enough. Basically, this means that in these positions, the soot particles are transported from the direction of the soot
volume fraction peak, and no net soot is formed. This is the reason why the soot volume fraction exhibits a narrow

distribution.

4.4 Mean soot particle diameter
Figure 7 shows the calculated mean soot particle diameter as a function of the HAB. The mean soot particle diam-

eter, d,eqn, Was calculated by the following equation:

Xildi - Ne,; - Ye,)|,
Zi(NCi ' Ycl-)|h

, (14)

dmeanlh =

where d;, N¢, and Y, are the ensemble-averaged soot diameter in cell i, number density in cell i, and soot mass
fraction in cell i, respectively.

Figure 7 shows that the mean diameter increases with an increase in HAB. This tendency is consistent with the
experimentally observed growth of primary soot particle diameter [1]. The absolute soot particle diameter values,
shown in Fig. 7, are much smaller than the experimental values obtained by TiRe-LII (Ref. [1]). However, LII
cannot detect the signal of very small soot particles, which explains this difference in absolute values for the calcu-

lated and the experimental data.
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Fig. 7 Mean soot particle diameter as a
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4.5 Comparison of the gas temperature distributions with and without soot radiation
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0
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Radial distance from the burner center [mm]
(a) without (b) with
soot radiation soot radiation

Fig. 8 Effect of soot radiation on the
ensemble-averaged gas temperature
distribution.

Figure 8 shows the calculated ensemble-averaged gas temperature distributions (a) without soot radiation and (b)
with soot radiation. These results suggest that soot radiation causes a maximum gas temperature difference of over
100 K. Average heat flux at the outer boundary of the domain (100 mm from the burner center axis) with soot
radiation was 2.95x10? W/m?, whereas without soot radiation it was 2.69x10 W/m?. This large difference in heat
flux causes a significant difference in the gas temperature. This result indicates the importance of a soot formation
model in the numerical simulations of a pulverized-coal combustion field. If a soot formation model is not
considered, the gas temperature can be significantly overestimated. Since gas temperature has significant effects

on most phenomena related to the coal combustion fields, such as the devolatilization rate of coal particles,

volatile matter reaction rate, surface reaction rate of char particles, and formation rate of pollutants such as NOx,
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the soot formation model should be considered for an accurate prediction of a coal combustion field by

numerical simulations.

5. Conclusions

In this study, LES of the coal combustion field of a 4 kW jet burner (CRIEPI burner) using a soot formation
model with the TDP model was conducted. The predicted pulverized-coal particle velocity, the predicted soot
volume fraction distributions, and growing tendency of the soot particles in the axial direction were in good
agreement with experimatal data. The main findings from this study were the following:

(1) A detailed analysis of the data predicted by LES showed that soot particle distribution in this burner is narrow
because the net soot formation rate is negative on both sides of the base of the soot volume fraction peak. The net
soot formation rate is negative at these positions because soot particles diffused from the soot volume fraction peak
are oxidized due to a relatively high oxygen concentration.

(2) Soot radiation significantly affects the prediction of gas temperature distribution in a pulverized-coal com-
bustion field. Therefore, if a soot formation model is not considered, gas temperature can be overestimated.
Since the gas temperature has significant effects on various phenomena in a pulverized-coal combustion field,
it is very important to consider a soot formation model for performing the numerical simulation of a pulverized-

coal combustion filed.
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