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Abstract

Pulverized coal is still found in many practical devices even though it is recog-

nized as ”dirty fuel” because of its CO2 and pollutant emissions. To overcome

this problem, advanced coal utilization technologies have been developed using

numerical simulations. In this study, the structures of the laminar counter-flow

diffusion flames of pulverized coals were investigated by performing simulations

based on detailed chemistry. The high-temperature region became narrower

as the coal/air ratio increased, because of the departure from the stoichiomet-

ric mixture and local quenching by the heat transfer between the gas and solid

phases. Further, the applicability of the flamelet/progress-variable (FPV) model

was investigated through a priori and a posteriori tests. The a priori test con-

firmed that the FPV model is capable of reproducing the numerical solutions

obtained using the detailed chemistry, including the mass fractions of minor

species. In the a posteriori test, there was a slight difference between the FPV

model and detailed chemistry results due to overestimation of the progress of

the chemical reactions. Given the sufficiently high accuracy of the FPV model

in various numerical conditions, it can be concluded that the extended FPV

model has potential for use in turbulent coal combustion simulations.
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1. Introduction

Although coal utilization has tended to decrease in certain fields due to the

recognition of coal as“dirty fuel,”coal-fired thermal plants are still the main sys-

tems for electricity generation in some developing countries. As indicators of the

suitability of fossil fuels, energy security, economy, environmental conservation,5

and safety are comprehensively evaluated in many countries. By evaluating the

wide distribution, large reserves, and reasonable cost of coal, the Japanese gov-

ernment is developing a future energy plan in which coal works as the baseload

energy source and regulated power supply for renewable energy sources such as

solar and wind power. In fact, several developed countries are replacing old,10

inefficient plants with new, more efficient plants to minimize the emissions of

pollutants, including CO2. With respect to the conventional coal combustion

technologies, a system involving the co-firing of woody biomass with coals has

been developed and implemented in some power plants. Ammonia combustion

has also been promoted by the Japanese government, and a system including15

the co-firing of ammonia with coals has been investigated by several research

groups. An integrated gasification combined cycle and chemical looping com-

bustion system also expanded the coal utilization field and has the potential to

support the stable supply of electricity to society.

Pulverized coal combustion is one of the most important processes in this20

system, where the chemical energy of coal is converted into thermal energy.

Thus, detailed investigation of the coal combustion process will accelerate the

development of the above technologies. The coal combustion process in indus-

trial facilities includes turbulence, heat transfer through radiation, and chemical

reactions in the gas phase, as well as the chemical reactions of coals. Various25

interactions such as turbulence-chemistry and solid-gas interactions make it dif-

ficult to understand and predict the combustion behavior in furnaces. Since
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the above interactions progress in very small spaces and on fast time scales,

experimental data are limited, and more detailed data are required to under-

stand the coal combustion process. To clarify the coal combustion process,30

numerical simulations are utilized and have enabled considerable achievements

in recent decades. Although methods of modeling the gas-solid and particle-

turbulence interactions in particle motion have been established, the modeling

of turbulence-chemistry interactions is an outstanding problem. The eddy break

up (EBU) model [1] and eddy dissipation model or eddy dissipation concept35

[2, 3] are well-known in the method involving Reynolds-averaged Navier-Stokes

equations. Assuming infinitely fast chemistry, the reaction rate of the fuel gas

is evaluated based on the mixing rate of fuel and the oxidant eddies in these

models. A scale similarity filtered reaction rate model [4] was developed as the

turbulent combustion model in large eddy simulations (LESs). The concept40

of scale similarity, which is often used to model the eddy viscosity, is applied

to calculate the unresolved component in the reaction rate, and the reaction

rate in turbulence is evaluated as the overall reaction rate with the resolved

and unresolved parts combined. In the above methods, a chemical reaction is

considered in a global reaction that does not include the intermediate species45

and actual chemical kinetics. Accordingly, some researchers have noted that the

above combustion models overestimate the reaction rate [5–9]. To overcome its

limitations, flamelet-based tabulated chemistry has been expanded to pulver-

ized coal combustion by several researchers [10, 11].

Vascellari et al. [10] numerically investigated the coal ignition process in50

the experiments using laminar entrained-flow reactors that were conducted by

Molina and Shaddix [12]. Firstly, they performed a computational fluid dynam-

ics (CFD) simulation using the Euler-Lagrange approach to obtain the tran-

sient gas velocity, gas temperature, particle temperature, and devolatilization

rate. The obtained transient data were used as the boundary conditions in55

the subsequent detailed simulation around a single coal particle, called a re-

solved particle simulation. In this simulation, the additional balance equation

of the mixture fraction Z was solved under the boundary conditions with Z = 1
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at the particle surface and Z = 0 at the coflow inlet. In addition, unsteady

flamelet equations were solved using the scalar dissipation rate obtained from60

the resolved particle simulations, and the numerical solutions from the flamelet

model were compared with those acquired using the detailed chemistry. Al-

though the flamelet calculations could not capture the subsequent ignition from

upstream to downstream around the particle, they reproduced the temperature

and species profiles before and after ignition. Based on these results, the authors65

indicated the applicability of the flamelet model for pulverized coal combustion.

Notably, char combustion was not considered because the focus was on the ig-

nition process during devolatilization. Thereafter, Watanabe and Yamamoto

[11] proposed a method of flamelet modeling for the overall coal combustion

process, including char combustion. Based on this method, the authors veri-70

fied the applicability of the flamelet/progress-variable (FPV) model to the coal

combustion process by comparing the numerical solutions with those obtained

using detailed chemistry. The temperature and species distribution calculated

using the FPV model agreed with those acquired using the detailed chemistry,

although the FPV model showed earlier ignition. The authors concluded that75

the FPV model lacks information in the unsteady state, which is important

during ignition, and that the accuracy may be improved by unsteady flamelet

calculation or the utilization of different progress variables. Wen et al. [13] also

evaluated the accuracy of the FPV model in the laminar counter-flow diffusion

flames of pulverized coals and showed that the temperature and species distri-80

butions predicted using the detailed chemistry were approximately reproduced

by the FPV model.

Recently, LESs of pulverized coal flames have been performed using the

flamelet approach because the sufficiently high accuracy of the FPV model has

been confirmed in the detailed verification of the laminar flow. Rieth et al.85

[14, 15] implemented the FPV model in LES of a realistic coal furnace, called

an international flame research foundation (IFRF) furnace, and predicted the

coal combustion behavior. It should be mentioned that these authors introduced

the concept of char off-gas and used a mixture fraction of char different from
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that in the work by Watanabe and Yamamoto [11]. This modification made the90

complicated process of char combustion implementation in the FPV model more

concise. Comparison of the numerical solutions with the experimental data in-

dicated that the FPV model extended to coal combustion worked well even in

turbulence flow fields. Wen et al. [13, 16] also conducted LESs of an IFRF

furnace and lab-scale jet burner and showed the superiority of the FPV model95

to the EBU model. Consequently, flamelet-based tabulated chemistry has great

potential in the coal combustion field as well as in gas and spray combustion,

and knowledge of the detailed characteristics and limitations of the FPV model

will be useful for future CFD simulation of pulverized coal combustion.

The objectives of this study were to summarize the methods of the flamelet100

modeling of coal combustion and to verify the accuracy of the FPV model in

the laminar counter-flow diffusion flame. Firstly, the look-up tables were con-

structed according to the two mixture fraction approach described by Rieth et

al. [14, 15] in section 2. The additional dimension for heat exchange between

the gas and solid phases was prepared by changing the boundary temperature,105

and four-dimensional look-up tables were constructed prior to performing the

CFD simulation. Section 3 describes the numerical methods such as the geom-

etry of computational domain and discretization schemes. The changes in the

flame structure were observed under various coal/air ratios using the detailed

chemistry in section 4.1-4.3. Then, the flame index (FI), which is one of the110

most popular indicators of the local combustion mode, was introduced and the

reaction process of a coal flame was investigated in detail. To verify the FPV

model, a priori and posteriori tests were conducted to identify the cause of the

discrepancy from the detailed chemistry results based on the accuracy of the

look-up tables in section 4.4. The availability of the FPV model for pulverized115

coal combustion was assessed by comparing the FPV model solutions with the

detailed chemistry results under various numerical conditions.
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2. Coal combustion modeling using FPV model

2.1. Extension of the FPV model to coal combustions

In CFD with the FPV model, look-up tables, which are constructed by one-120

dimensional calculation of the counter-flow diffusion flame, are utilized to obtain

thermochemical quantities such as fluid density and viscosity. In this study,

one-dimensional calculations were performed using the FlameMaster software

library [17]. Then, the steady-state flamelet equations were solved with a unity

Lewis number assumption for all chemical species. Generally, the composition125

and temperature of both the fuel and oxidizer streams in the target domain are

given for the boundary conditions, and each thermochemical quantity is aligned

with the multi-dimensional coordinates: mixture fraction, progress variable, and

other representative variables. As all thermochemical quantities are retrieved

through only the representative variables, CFD simulation which includes the130

information of detailed chemistry can be conducted with reasonable computa-

tional cost by solving only the transport equations of the mixture fraction and

progress variable.

Watanabe and Yamamoto [11] extended the FPV model to pulverized coal

combustion, including the char combustion process based on the two mixture135

fraction approach. The two mixture fraction approach [18, 19] was employed

to describe the two types of fuel gas generated by devolatilization and char

combustion, whereas the heat transfer between the solid and gas phases was

represented by adding enthalpy to the representative variables. Although there

is a slight difference between the mixture fraction definitions and heat loss mod-140

eling, nearly all previous studies (e.g.,[13, 15]) have been based on this concept

and have yielded high accuracies in the various domains. In this study, we fol-

lowed the approach of Rieth et al. [14], as described in detail in the following

paragraphs.

Two types of mixture fraction were defined as follows:145

Zvol =
ṁdevol

ṁdevol + ṁchar + ṁox
, (1)
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Zchar =
ṁ∗

char

ṁdevol + ṁchar + ṁox
, (2)

where ṁchar, ṁdevol and ṁox are the mass fluxes originating respectively from

char, volatile matter, and oxidant gas, which was defined as air in this study,

and ṁ∗
char is the mass flux of CO/N2 gas called ”char off-gas” and is related to

ṁchar according to the following equation:

ṁ∗
char = ṁchar(1 + SO2

+ SN2
), (3)

where SO2
(= 16/12 ≈ 1.33) and SN2

(= 0.5γ×28/12 ≈ 4.388) are the O2 and N2150

consumptions, respectively, per unit mass of fuel in the char combustion, and γ

is the volume ratio of N2 to O2 in the oxidant gas, which is 0.79/0.21 ≈ 3.76 in

air. All of the thermochemical quantities were tabulated along with the sum of

the two mixture fractions, Z, and and the ratio of the char off-gas to the overall

fuel gas, Z2 as155

Z = Zvol + Zchar, (4)

Z2 =
Zchar

Zchar + Zvol

(
=

ṁ∗
char

ṁdevol + ṁ∗
char

)
. (5)

Z and Z2 range from zero to unity, which is suitable for the tabulation of the

data from the one-dimensional calculations. Using Z2, the composition of the

overall fuel can be expressed as

YFuel,k =

(
ṁdevol

ṁdevol + ṁ∗
char

)
Yvol,k +

(
ṁ∗

char

ṁdevol + ṁ∗
char

)
Ychar,k

= (1− Z2)Yvol,k + Z2Ychar,k, (6)

where Yvol,k and Ychar,k are the mass fractions of chemical species k in the

volatile and char off-gas, respectively. Note that these values were determined160

prior to performing the one-dimensional calculations. Table 1 lists the chemical

compositions of the fuel gases. Specifying the chemical species that constitute

the volatile gas, Yvol,k is determined based on proximate and ultimate analyses

of the coal, as described in [16]. Ychar,k is given by the following char combustion

formula:165
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C+ 0.5(O2 + γN2) → CO+ 0.5γN2. (R1)

The char off-gas consists of CO and N2, and the volume and mass ratios are

1.0 : 0.5γ and 28 : 14γ ≈ 0.347 : 0.653, respectively. Table 2 specifies the soft-

ware library and chemical reaction mechanism employed in the one-dimensional

calculations. Using FlameMaster [17], the flamelet equations were solved in

the one-dimensional counter-flow diffusion flame in the mixture fraction space.170

Given the computational cost, DRM 22 [20], which consists of 22 chemical

species and 103 chemical reactions, was used as the reaction mechanism ac-

cording to the previous pulverized coal combustion simulation [10, 21]. Wen

et al. [21] investigated the effects of the chemical reaction mechanism used to

simulate pulverized coal combustion and showed the minor differences between175

DRM 22 and GRI-mech 3.0 [22] , which is the most popular reaction mechanism

for the detailed chemical analysis of light hydrocarbons. To demonstrate the

accuracy of DRM 22, the numerical results are compared with those obtained

using GRI-mech 3.0 in the appendix.

Table 1. Fuel compositions of volatile and char off-gas on a mass basis.

Yvol,k Ychar,k

CO 0.34 0.347

CH4 0.55 0.0

C2H2 0.11 0.0

N2 0.0 0.653
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Table 2. Calculation methods employed to construct the look-up tables.

Software library FlameMaster [17]

Target Counter-flow diffusion flame

Detailed chemistry DRM 22 [20]

Scalar dissipation rate [s−1] 10−4–103

Boundary temperature [K] 600

2.2. Look-up table construction180

To construct the look-up tables, we supposed a laminar case in which vari-

ance does not have to be considered. Firstly, Z2 was assigned values from zero

to unity, and the overall fuel gas composition was determined according to Eq.6.

Note that the flame does not ignite if Z2 is set to unity because hydrogen is

not included in the flame. Thus, the maximum value of Z2 was set to 0.9,

i.e., less than 1.0. Fig. 1 shows the overall fuel gas composition as a function

of Z2. In this study, the one-dimensional calculations were conducted using

Z2 = 0.0, 0.2, 0.5, 0.7, 0.8 and 0.9 to cover a wide range of Z2 coordinates in the

look-up tables. The progress variable in this study was defined as the sum of

the mass fractions of CO2, H2O and H2:

Ypv = YCO2
+ YH2O

+ YH2
. (7)

As the fuel gas included CO irrespective of the value of Z2, the mass fraction of

CO was excluded from the progress variable as in previous studies [23]. Fig. 2

provides the temperature, progress variable, and production rate of the progress

variable as functions of Z2 with a scalar dissipation rate of 1.0s−1 and fuel

gas temperature of 600 K. The stoichiometric mixture moved toward fuel-rich

conditions, and the maximum temperature decreased with increasing Z2. The

calculation results obtained using various scalar dissipation rates were tabulated

along with the mixture fraction, progress variable, and Z2 coordinates. Then,

the progress variable was normalized according to the maximum and minimum
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progress variables at each mixture fraction point as follows:

C =
Ypv − Y min

pv (Z)

Y max
pv − Y min

pv (Z)
. (8)

For example, Fig. 3 shows the contour plots of the temperature and production

rate of the progress variable in the Z-C plane extracted from the look-up table

with Z2 = 0.0 and Tfuel = 600 K. The production rate of the progress vari-

able increases steeply near the stoichiometric mixture, whereas the temperature

gradually increases from the oxidant and fuel side to the stoichiometric mixture.185
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Fig 2. One-dimensional steady counter-flow diffusion flame calculation results

for the (a) temperature, (b) progress variable, and (c) production rate of the

progress variable with χst = 1.0 s−1 and Tfuel = 600 K.
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Fig 3. Contour plots of the (a) temperature and (b) production rate of the

progress variable in the Z-C plane extracted from the flamelet table with Z2 =

0.0 and Tfuel = 600 K. The solid line corresponds to the stoichiometric mixture.

By combining the numerical results for the various Z2 values, the effects

of fuel gas composition on the reaction field could be observed. Fig. 4 shows the

contour plots of the temperature and production rate of the progress variable

in the Z-Z2 plane extracted from the flamelet table with C = 0.5 and Tfuel =

600 K. The high-temperature region moves to the fuel-rich area because the190

stoichiometric mixture fraction increases with increasing Z2. This tendency is

also observable in the production rate of the progress variable.
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progress variable in the Z-Z2 plane extracted from the flamelet table with C =

0.5 and Tfuel = 600 K. The solid line corresponds to the stoichiometric mixture.

2.3. Additional dimension for heat transfer between the gas phase and dispersed

phase

Generally, tabulated information such as gas temperature and chemical species

was estimated in the environment without including ”external effects” on the

domain. In a certain domain in which the effects of heat loss/gain cannot be

ignored, the change of energy should be included in the look-up tables. As a

large amount of heat is exchanged between the gas phase and dispersed phase

primarily via convective heat transfer, adiabatic flamelet solutions should not

be used in pulverized coal combustion systems. To account for the effects of

heat transfer between the two phases, enthalpy was added to representative

quantities in the look-up tables, and additional combustion simulations were

conducted under various enthalpy levels.

Several researchers have proposed methods of performing additional compu-

tations with the effects of heat loss. For example, Marracino and Lentini [24]

constructed look-up tables based on flamelet equation solutions with reduced

boundary temperature. They kept the boundary temperature at a realistic

level by shrinking the solution domain (for example, Z = 0.01 to Z = 0.99)
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when they considered higher enthalpy defect levels. Hossain et al. [25] avoided

unrealistically low temperatures by slightly modifying the fuel composition at

the boundaries and achieved a realistic temperature without changing the so-

lution domain. On the other hand, Kishimoto et al. [26] modified the source

term in the energy equations and obtained flamelet data covering a wide range

of enthalpy defects. In this method, the heat loss became larger in the high-

temperature zone and smaller in the low-temperature zone near the boundary;

therefore, the temperature dependence of the enthalpy defect yielded realistic

heat loss in the solution domain. A similar concept was also used in the flamelet-

generated manifold model [27]. In this study, the simplest method in which the

boundary temperature was adjusted was used, as in previous work [13, 23].

In the base (i.e., adiabatic) conditions, the boundary temperature was as-

signed a value of 600 K on the fuel and oxidizer sides. To cover the entire range

of enthalpy levels considered in the later CFD simulation, the boundary tem-

perature was set to 100 K or 600 K on the oxidant side and 100 – 1500 K on the

fuel side. Although the boundary temperature was decreased to an unrealistic

level to cover all of the enthalpy levels that could be considered in the CFD

simulation, the flamelet data in this region were not used in the simulation.

Fig. 5 shows the enthalpy and temperature as functions of the mixture frac-

tion with Z2 = 0.0. The boundary temperature at the oxidant side was set to

600 K except in the case of Tfuel = 100 K. As the temperature depends on the

stoichiometric scalar dissipation rate,χst, the distribution with χst = 1.0 s−1

is presented in this figure as an example. In the counter-flow diffusion flame

calculation with the assumption of a Lewis number of unity, the enthalpy lin-

early decreases (or increases) to the mixture fraction. Naturally, the enthalpy

gradient decreases from the oxidant side to the fuel side as the fuel temperature

increases. As the enthalpy range varies according to the mixture fraction in this

method, the normalized enthalpy was introduced as follows:

hn(Z,Z2) =
h− hmin(Z,Z2)

hmax(Z,Z2)− hmin(Z,Z2)
. (9)
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Look-up tables for the gas temperature and production rate of the progress195

variable along the enthalpy axis are provided in Fig. 6. These quantities increase

with increasing normalized enthalpy.
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3. Laminar combustion simulation of counter-flow diffusion flame

3.1. Computational domain and numerical conditions

The computational domain was the two-dimensional laminar counter-flow

diffusion flame used in previous studies [23, 28, 29]. Fig. 7 shows the ge-

ometry and inlet conditions. Both the vertical and horizontal lengths of the

computational domain are 20 mm, and the domain was divided into 200× 200

computational cells. The dependence of the mesh resolution was also checked,

and we confirmed that the present number of computational cells was sufficient

for the simulation, as shown in the appendix. Pulverized coal and air with a

temperature of 600 K were supplied from the upper side, while only air was

supplied from the lower side. The diameters of all of the injected particles were

set to 5 µm. Table 3 lists the proximate and ultimate analysis results for the

supplied Newlands coal. These values are also the same as those in previous

studies [30, 31]. Table 4 summarizes the numerical conditions, which are the

same as those employed by Wen et al. [23]. The strain rate was defined as

a =
|uupper|+ |ulower|

L
, (10)

where L, ulower and uupper are are the vertical length of the computational200

domain and the inlet velocities at the lower and upper sides, respectively. a =

100 s−1 and 200 s−1 correspond to uupper = 1.0 m/s and 2.0 m/s, respectively.

Case 1 was prepared to validate the prediction accuracy of the look-up tables

for a pure volatile gas flame. In this case, Z and Z2 were set to 1.0 and 0.0 on

the upper side to achieve the appropriate volatile gas composition for the fuel205

boundary conditions.
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Fig 7. Schematic of the computational domain (reconstructed from [23]).

Table 3. Coal properties of Newlands coal.

Proximate analysis (dry basis)

Ash [wt%] 15.2

Volatile matter (VM) [wt%] 26.9

Fixed carbon (FC) [wt%] 57.9

Ultimate analysis (dry basis)

C [wt%] 71.9

H [wt%] 4.4

N [wt%] 1.5

S [wt%] 0.44

O [wt%] 6.53

Heating value (low) [MJ/kg] 28.1
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Table 4. Numerical conditions.

Coal/air Strain rate, a Inlet velocity

[wt%] [s−1] [m/s],

Case 1 - 100 1.0

Case 2 11.5 200 2.0

Case 3 46.0 100 1.0

Case 4 23.0 100 1.0

3.2. Governing equations and numerical method

3.2.1. Parcel approximation

This study was based on the Euler-Lagrange approach. As the feed rate of

pulverized coals is comparable to several billion particles in industrial pulverized

coal combustors, it is impossible to track all of the particles due to the excessive

computational cost. Consequently, the concept of ”parcels” was introduced for

the representative particles in the numerical simulation of splay and pulverized

coal combustion. In the calculation of the effect of the dispersed phase on the

gas phase, the number of particles represented by a parcel, called the ”parcel

number”, was multiplied times the source term, and the actual conditions were

reproduced in the simulation. The parcel number was calculated using

Pnum,i =
Fpfm,i

mp,ini
, (11)

where Fp, fm,i, mp,i, ni are the total feed rate, mass fraction of particles with

diameter i, particle mass, and number of injected particles per one-step calcu-210

lation, respectively. Fpfm,i/mp,i corresponds to the number-based feed rate for

particle diameter i.

3.2.2. Governing equations of the dispersed phase

The particle mass is decreased by devolatilization and char oxidation accord-

ing to
dmp

dt
= −(ṁp,devol + ṁp,char). (12)
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The coal particles move in the gas phase while receiving the drag and gravity

forces as
dup

dt
=

(u− up)

τp
+ g, (13)

where u and up are gas and particle velocity vectors, respectively. The first

term on the right-hand side (RHS) represents the drag force, and the second

term on the RHS represents the gravitational force with the assumption that

the gas density is much less than the particle density, ρ ≪ ρp. τp is the particle

relaxation time and is defined as follows [32]:

τp =

(
3

4

ρCD

ρpdp
|rv|

)−1

, (14)

where CD, dp and rv are the drag force coefficient, particle diameter, and relative

velocity between the gas and dispersed phases, respectively. The drag force

coefficient was evaluated using the equation proposed by Crift and Gauvin [33]

as

CD =
24

Rep
(1 + 0.15Re0.687p ) +

0.42

1.0 + 4.25× 104Re−1.16
p

, (15)

where Rep is the particle Reynolds number defined as

Rep =
ρ|rv|dp

µ
(16)

where µ is the gas viscosity. The coal particles injected into the combustion

system are heated by convective and radiative heat transfer from a hot gas215

while generating heat by char reaction. This heat contributes to the temperature

elevation itself. The particle energy equation is

mpcp,p
dTp

dt
= hconv(T − Tp)Ap,surface

+ εp

(
G

4
− σT 4

p

)
Ap,surface + q̇char + q̇devol, (17)

where Ap,surface, cp,p, G, hconv, T and Tp are are the external surface area of

the particle (= πd2p), specific heat of the particle, incident radiation, convective

heat transfer coefficient, gas temperature, and particle temperature, respec-

tively. εp and σ are the particle emissivity and Stefan-Boltzmann constant

(= 5.67 × 10−8W/(K4 ·m2)), respectively. The particle emissivity was set to
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0.85. q̇char and q̇devol are the exothermic and endothermic heat, respectively, due

to the chemical reactions of coal and were assumed to be 9.21× 10−6 J/kg and

0.0 J/kg, respectively, which means that the endothermic heat by devolatiliza-

tion was ignored, based on a previous study [14]. As shown in Eq. 17, all of

the exothermic heat generated by char oxidation was conducted only into the

dispersed phase in this study. If the reaction heat was conducted into the gas

phase, it would be necessary to implement this effect in the one-dimensional cal-

culations in the look-up table construction process [11, 16]. However, as there

is ambiguity in the ratio of the heat conducted into the gas phase, heat transfer

was allowed only in the direction of the dispersed phase.

The specific heat of the particles is one of the most important parameters in

the particle heat-up process. Based on previous research [34, 35], Stöllinger et

al.[36] evaluated the overall specific heat as the sum of those of the individual

coal components:

cp,p = Yvol · cp,vol + Yfc · cp,fc + Yash · cp,ash, (18)

where cp,ash, cp,fc and cp,vol re the specific heats of ash, fixed carbon, and volatile,

respectively, and were calculated based on Einstein’s theory of the specific heats

of solids, where the specific heat was recognized through molecular oscillators.220

Referring to this classical concept, Merrick proposed the following equation to

estimate the specific heats of volatiles and fixed carbon [34]:

cp,γ =
R

Wγ

[
g1

(
380

Tp

)
+ 2g1

(
1800

Tp

)]
, (19)

g1 (x) =
ex

[(ex − 1)/x]2
, (20)

where R and Wγ are the gas constant and mean atomic weight of volatile matter

and fixed carbon. The mean atomic weight of volatile matter, Wvol was assumed

to have values of 5–8 in previous studies [36, 37]. In this study, the mean atomic

weight was calculated using the following equation:

1

Wvol
=

5∑
i=1

yi
µi

, (21)
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where yi is the mass fraction of carbon, oxygen, hydrogen, nitrogen, or sulfur

in the volatile matter, which can be estimated from the proximate and ultimate

analyses of the coal, and µi is the atomic weight of the corresponding element.

In this study, Wvol = 5.934 g/mol based on the calculations, while The mean

atomic weight of fixed carbon, Wfc = 12 g/mol. The specific heat of ash was

calculated using

cp,ash = 539.9 + 0.586Tp (J/(kg ·K)). (22)

The convective heat transfer coefficient in the particle energy equation, Eq. 17,

was evaluated from the Nusselt number based on the equation of Ranz-Marshall

[38]:

Nu =
hconvdp

λ
= 2.0 + 0.552Re1/2p Pr1/3, (23)

where Pr and λ are the Prandtl number and thermal conductivity, respectively.

Pr was set to 0.7 and λ was retrieved from the look-up tables. The incident

radiation in Eq. 17 was calculated using the P1 approximation method, as225

described in section 3.2.5.

3.2.3. Modeling of chemical reactions of pulverized coals

For the chemical reactions of pulverized coals, devolatilization and char ox-

idation were considered. Although there is the room for further discussion re-

garding the order of devolatilization and char oxidation [39], they were assumed

to be independent of each other, i.e., it was assumed that char oxidation did

not start until the devolatilization process was completed. Specifically, char ox-

idation could occur after 99.9% of the volatile matter had evolved from the coal

particles in this study. The classical single first-order reaction model proposed

by Badzioch and Hawskley [40] was used to calculate the devolatilization rate

as follows:

ṁp,devol = Adevol exp

(
−Edevol

RTp

)
(m∗

vol,0 −mvol) (24)

where Adevol and Edevol are the pre-exponential factor and activation energy and

were set to 4.474× 103 s−1 and 1.9188× 107 J/kmol, respectively. These values
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were obtained from previous studies [6, 16, 41]. m∗
vol,0 and mvol are the initial

amount of volatile matter in the coal, which is the amount of volatile matter

releasable from the coal, and the released amount of the volatile matter at the

elapsed time, respectively. Then, the difference, (m∗
vol,0 − mvol) corresponds

to the residual of the volatile matter in the coal. There are several methods

of particle diameter change during devolatilization: the particle diameter may

remain constant [14, 42, 43] or expand as devolatilization progresses [36, 44].

When particle swelling is considered, an additional model parameter called the

swelling coefficient is needed to represent the degree of swelling. Although the

swelling coefficient exactly depends on the coal type and heating rate, it is

difficult to perform experiments to determine the appropriate value. In this

study, the particle diameter was assumed to be constant as the particle density

varied.

Char was assumed to consist of only carbon, and the partial oxidation of char,

which generates CO, was taken into account in the char combustion. Generally,

char combustion is separated into partial oxidation and full oxidation, where

partial oxidation is dominant at temperatures above 1500 K [45–47]. The overall

char oxidation rate depends on the following three rates: the chemical reaction

rate at the particle surface, rate of oxygen transport during pore diffusion, and

rate of oxygen transport from the bulk side to the particle surface. As the effect

of the oxygen transport process on the overall reaction rate increases at higher

temperatures, the mass transfer process of oxygen is often included in the model

equation. The overall reaction rate of char is described by

ṁp,char = pO2
Ap,surface

KdiffKkin

Kdiff +Kkin
, (25)

where Kdiff , Kkin and pO2
are the mass transfer rate coefficient of oxygen, chem-

ical reaction rate coefficient, and partial pressure of the oxidant, respectively.

In this study, the external surface reaction model [48] was used for the kinetic

reaction model. The kinetic coefficient was described using the following equa-

tion:

Kkin = Achar exp

(
−Echar

RTp

)
(26)
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where Achar and Echar are the pre-exponential factor and activation energy and

were set to 1.1× 10−2 kg/(m2 · s · Pa) and 5.0× 107 J/kmol, respectively. Note

that these values were also obtained from previous works [6, 16, 41]. As several

model parameters are needed to analyze the pore diffusion process, the value of

Kdiff used in this study was obtained considering only the mass transfer process

from the bulk side to the particle surface. The mass transfer rate of oxygen

including the only diffusion process was represented as [5, 23]:

Kdiff =
4.998× 10−12

dp

(
Tp + T

2

)0.75

, (27)

where the constant 4.998× 10−12 depends on the unit of the partial pressure of

oxygen.

3.2.4. Governing equations in the gas phase230

In the case with detailed chemistry, the gas phase was described by the mass,

momentum, enthalpy, and chemical species transport equations as

∂ρ

∂t
+

∂

∂xj
(ρuj) = Ṡc, (28)

∂

∂t
(ρui) +

∂

∂xj
(ρuiuj)

= − ∂p

∂xi
+

∂

∂xj

[
µ

(
∂ui

∂xj
+

∂uj

∂xi
− 2

3
δij

∂uk

∂xk

)]
+ Ṡui , (29)

∂

∂t
(ρh) +

∂

∂xj
(ρujh) =

∂

∂xj

(
µ

σh

∂h

∂xj

)
−∇ · qtrad + Ṡh, (30)

∂

∂t
(ρYk) +

∂

∂xj
(ρujYk) =

∂

∂xj

(
µ

σy

∂Yk

∂xj

)
+ ω̇k + ṠYk

, (31)

where h, p, ui, Yk, ρ, µ, σh, σy, and ω̇k are the enthalpy, pressure, gas velocity

in the i direction, mass fraction of chemical species k, gas density, viscosity,235

Prandtl number, Schmidt number, and production rate of the chemical species,

respectively. The Prandtl and Schmidt numbers were both set equal to 0.7.

−∇·qtrad is the energy source term due to radiation. The specific description of
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this term is provided in section 3.2.5. Ṡc, Ṡh, Ṡui and ṠYk
are the source terms

from the dispersed phase and were calculated using the particle-source-in-cell240

model [49]. In the FPV model, transport equations are solved for the volatile

and char off-gas mixture fractions and the progress variable in addition to mass,

momentum, and enthalpy. The forms of the additional equations are as follows:

∂

∂t
(ρZvol) +

∂

∂xj
(ρujZvol) =

∂

∂xj

(
µ

σy

∂Zvol

∂xj

)
+ ṠZvol

, (32)

∂

∂t
(ρZchar) +

∂

∂xj
(ρujZchar) =

∂

∂xj

(
µ

σy

∂Zchar

∂xj

)
+ ṠZchar

, (33)

245

∂

∂t
(ρYpv) +

∂

∂xj
(ρujYpv) =

∂

∂xj

(
µ

σy

∂Ypv

∂xj

)
+ ω̇Ypv . (34)

where Ypv, Zchar and Zvol are the sum of the mass fractions of the progress vari-

able, char off-gas mixture fraction, and volatile mixture fraction, respectively,

and ṠZchar
and ṠZvol

are the source terms from the dispersed phase.

The mass of the coal particles decreases with devolatilization and char oxida-

tion, and mass generation was imposed on the mass transport equations in the

gas phase. Then, the absolute value given to the gas phase was the summation

of each parcel:

Ṡc =
1

Vcell

 Np∑
i=1

(ṁp,devol,i × Pnum,i) +

Np∑
i=1

(ṁp,char,i × Pnum,i)

 , (35)

where ṁp,char, ṁp,devol, Np and Vcell are the char oxidation rate, devolatilization

rate, number of parcels, and cell volume, respectively. As the coal particle

motion was obstructed by the drag force in the gas phase, the momentum added

to the particle was returned to the gas phase according to the following equation:

Ṡu,=
1

Vcell

 Np∑
i=1

(Fp,drag,i × Pnum,i)

 , (36)

where Fp,drag is the received amount of the drag force from the particles and

corresponds to the first term on the RHS of Eq. 13. As the released chemical
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species have thermal and chemical energy, it was necessary to include them in

the source term in the enthalpy transport equation as follows:

Ṡh =
1

Vcell

[
Np∑
i=1

{(−hconv(T − Tp,i) + ṁp,devol,ihvol

+ṁp,char,ih
∗
char)× Pnum,i}

]
, (37)

where h∗
char, hconv, hvol, T, and Tp are the enthalpy of the char off-gas, con-250

vective heat transfer coefficient, enthalpy of the volatile gas, gas temperature,

and particle temperature, respectively. h∗
char is given by

h∗
char = (SO2

+ 1)hCO − SO2
hO2

, (38)

where hCO and hO2
are the enthalpies of CO and O2, respectively, at the gas

phase temperature. hvol can also be estimated using the following equation:

hvol =

N∑
k=1

(Yvol,khvol,k) (39)

where hvol,k is the enthalpy of the chemical species in the volatile gas at the255

particle temperature. The first term on the RHS of Eq. 37 represents the con-

vective heat transfer between the gas and dispersed phases, whereas the second

and third terms on the RHS represent the energy of the generated chemical

species in the gas phase. The effect of radiation from the particle surface was

included in the incident radiation transport equation, as expressed in section260

3.2.5. The source term in the chemical species transport equation is as follows:

ṠYk
=

1

Vcell

 Np∑
i=1

(Yk,volṁp,devol,i × Pnum,i)

+

Np∑
i=1

(Yk,charṁp,char,i × Pnum,i)

 , (40)

The source terms in the mixture fraction transport equations can be represented

as

ṠZvol
=

1

Vcell

 Np∑
i=1

(ṁp,devol,i × Pnum,i)

 , (41)
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ṠZchar
=

1

Vcell

 Np∑
i=1

(
ṁp,char,i(1 + SO2

+ SN2
)× Pnum,i

) . (42)

Note that SO2
and SN2

are necessary in Eq. 42 because the mixture fraction

of the product gas by char combustion is defined as char off-gas, as described265

by Eq. 2. This is the main difference from the original method of extending

the FPV model for pulverized coal combustion that was described by Watanabe

and Yamamoto [11].

3.2.5. Radiation modeling

The effect of radiation was described using the P1 approximation method270

[50, 51]. In this method, the incident radiation, which is defined as the integral of

the radiation intensity over solid angles, is transported according to the following

equation:

− (αg + ⟨αp⟩)G+ 4αgσT
4 + 4⟨Ep⟩+∇ · (ΓG∇G) = 0, (43)

where αg and αp are the absorption coefficients of gas and particles, respectively.

The first three terms on the left-hand side represent the effects of absorption,275

gas emission, and particle emission on the incident radiation. Based on previous

studies [5, 23], αg was set to 0.075. The brackets ⟨ ⟩ denote the particle-averaged

values in each computational cell. ⟨αp⟩ was determined using

⟨αp⟩ =
1

Vcell

Np∑
i=1

[εp,iAp,i × Pnum,i] , (44)

where Ap is the projected area of the particle (= πd2p/4). Ep is the emission

from the particles to the gas phase, and the average value was estimated using280

⟨Ep⟩ =
1

Vcell

Np∑
i=1

[
εp,iAp,iσT

4
p,i × Pnum,i

]
. (45)

ΓG in Eq. 43 was derived using

ΓG =
1

3(αg + ⟨αp⟩+ ⟨sp⟩)
, (46)
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where sp is the scattering coefficient and the average value can be expressed as

⟨sp⟩ =
1

Vcell

Np∑
i=1

[(1− σp,i)(1− εp,i)Ap,i × Pnum,i] , (47)

where σp is the particle scattering factor and was calculated using the rela-

tionship σp + εp = 1. As the scattering by the gas phase was assumed to be

anisotropic, the gas scattering term was eliminated from Eq. 46. The radiation285

source term in Eq. 30 was

−∇ · qtrad = αg(G− 4σT 4) (48)

3.2.6. Numerical method

In-house code that was verified previously [52, 53] was used to perform the

CFD simulation via the finite volume method. Numerical solutions were ob-

tained from steady-state calculations using the FPV model. The convective290

terms of the momentum and scalar transport equations were spatially discretized

using the total variational diminishing (TVD) scheme with a min-mod limiter

function [54] , while the second-order central differential scheme was used for the

diffusion terms. The pressure and velocity were coupled according to the semi-

implicit method for the pressure-linked equation (SIMPLE) algorithm [55]. In295

this algorithm, the convective and diffusion terms of the momentum equations

were calculated implicitly, and iterative computations were conducted until the

residuals fell below 10−5. The pressure correction equation, which is written

in the type of Poisson equation, and the other equations were solved using the

Algebraic Multigrid Solver (AMGS) [56] and bi-conjugate gradient stabilized300

method with polynomial preconditioning (BiCGSTAB) [57], respectively. As

the governing equation of the incident radiation also corresponds to the Poisson

equation, the AMGS was used.

On the other hand, the CFD simulation with detailed chemistry was per-

formed with unsteady calculations because the ordinary differential equations305

must be solved with appropriate time steps, which means that it is impossible

to perform steady calculations with infinitely long time steps. The momentum
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equations were integrated over time using the second-order Adams-Bashforth

method, while the other transport equations were solved implicitly using the

solver. The convective and diffusion terms of the governing equations were dis-310

cretized in the same manner as in the FPV model. The net production rate of

each chemical species was obtained by solving the ordinary differential equations

of the chemical species with the VODE package [58]. For the pressure-velocity

coupling scheme, the simplified marker and cell (SMAC) method [59] was used

because the iterative calculations were not necessary and the calculation time315

could be minimized. The solvers for the governing equations were also the same

as those in the FPV model. The time step was determined by restricting the

Courant number to a maximum of 0.3, and the calculation time was set to 0.05 s

in physical time, which is sufficiently long to reach a steady state in the present

domain.320

4. Results and discussion

4.1. Verification of volatile gas combustion

In Case 1, the prediction accuracy of the look-up tables was evaluated for

only volatile combustion by simulation. In this case, the volatile gas composi-

tions, i.e., Z = 1 and Z2 = 0, were given to the upper side as the boundary325

conditions, while the boundary conditions of the lower side were the same as in

the other cases. Fig. 8 presents the axial distributions of the major chemical

species and gas temperature. All of the variables, including the mass fractions

of the minor species such as H2 and OH, in the detailed chemistry can be well

represented by the FPV model. Comparison of the FPV model solutions to the330

detailed chemistry results demonstrates the usability of the look-up tables for

the pulverized coal combustion simulation with the FPV model.
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Fig 8. Comparison of the axial profiles of the mass fractions of (a) CH4 and

O2, (b) H2O and CO2, and (c) H2, CO and OH and (d) the gas temperature

between the detailed chemistry and FPV model in only gas-phase combustion

along the central axis. The axial positions of y = 0.0 and 20 mm correspond to

the oxidant and fuel boundaries, respectively.

4.2. Overview of the counter-flow diffusion flame of pulverized coal particles

Using the calculation results with the detailed chemistry, the flame structure

was analyzed in Case 2. Fig. 9 shows the instantaneous snapshots of the335

variables in the x-y plane. To clarify the combustion mode in the counter-flow

diffusion flame, the FI [60] was introduced as

FI = ∇Yfuel · ∇Yox, (49)
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where Yfuel and Yox denote the mass fractions of the fuel and oxidant gas, re-

spectively. The fuel was defined as CH4, C2H2 and CO, while the oxidant gas

was O2. The FI identifies the local combustion mode based on the directions340

of the fuel and oxidant gradients. If both gases evolve in the same direction,

i.e., if the FI is positive, the combustion mode is regarded as premixed combus-

tion. Meanwhile, the combustion mode is regarded as nonpremixed in regions in

which the FI is negative. However, there is the concern of detecting unreacted

regions because the combustion mode is identified only by the directions of the345

fuel and oxidant gradients in this indicator. To avoid this problem, the region

in which the production rate of the progress variable ω̇pv was less than 0.01%

of the maximum value was removed from the FI calculation region; in other

words, the FI in the cells with ω̇pv < 0.01% ω̇max
pv became zero.

As the coal particles were supplied with a temperature of 600 K, which corre-350

sponds to the devolatilization temperature, the coal gradually released volatile

matter, and the release ratio reached almost 100% at y = 0.0 mm. The magni-

tude of the vertical velocity steeply increased due to the volatile gas combustion

because this region corresponds to the area in which the temperature begins to

increase, as shown in Fig. 9(c). The positive FI in the same region suggests355

that the released volatile matter reacted with the oxygen in the career gas of

the coal in the premixed combustion mode. The released volatile should in-

stantly be consumed and converted into the combustion products because the

FI steeply decreases to zero just downstream from the premixed combustion re-

gion. Moving further downstream, the FI continues to be zero, suggesting that360

chemical reaction does not occur in the middle parts of the high-temperature

region near y = 0 mm. As will be described later, it was confirmed that nearly

all of the oxygen was consumed in the premixed combustion region even though

the devolatilization from the coal was not completed. Thus, the chemical re-

action should stop due to the lack of oxygen in this region. However, the FI365

significantly decreases, to less than zero, further downstream, which means that

nonpremixed combustion occurs in this region. The reason for the generation

of the nonpremixed combustion mode is expressed by the steep increase in Z2
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(see Fig. 9(e)). Char combustion started at the same time as the end of de-

volatilization, and the char off-gas reacted with the oxygen in the air supplied370

from the opposite side.
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(a) coal particles colored according to

Xvm

(b) Uz

(c) T (d) Zvm

(e) Z2 (f) FI

Fig 9. Instantaneous distributions of (a) coal particles colored according to the

release ratio of volatile matter, (b) vertical velocity, (c) gas temperature, (d)

mixture fraction of volatile matter, (e) Z2, and (f) FI with detailed chemistry

in Case 2 at an elapsed time of 0.05 s.
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Fig. 10 shows shows scatter plots of the gas temperature as a function of

the mixture fraction in Case 2. Firstly, the reaction process of the coal will be

traced in the mixture fraction space using Fig. 10(a). The injected particles

with a temperature of 600 K began to release volatile matter, which ignited at a375

certain position. Although the gas temperature rapidly increased immediately

after the ignition, the temperature elevation was reduced near Z = 0.1, which

is close to the stoichiometric mixture of the volatile gas flame, Zst = 0.10932.

Furthermore, the temperature of the gas phase remained near the stoichiometric

mixture for a while, because the amount of O2 was insufficient to consume the380

additional volatile matter released by the coal particles. This region corresponds

only to the high-temperature region, as shown in Fig. 9(c). The higher FI in

this region indicates that the combustion of volatile matter occurred in the

premixed mode. When the devolatilization was completed, char combustion

started; this procedure is represented in the latter stage of the combustion series385

in the upper branch in Fig. 10(a). The gas temperature in this region increases

slightly with increasing Z2 because the exothermic heat was generated by char

oxidation and contributed to the temperature elevation in the gas phase through

convective heat transfer. In contrast to the volatile combustion, the chemical

reaction of the char off-gas occurred in the nonpremixed mode because the FI390

was further below zero in this region.
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(a) colored according to Z2 (b) colored according to FI

Fig 10. Scatter plots of gas temperature as a function of mixture fraction in

Case 2 with detailed chemistry colored according to (a) Z2 and (b) FI. The

plots were extracted from the instantaneous distribution at an elapsed time of

0.05 s.

4.3. Effects of the strain rate and feed rate of coal particles on the flame structure

The effects of the strain rate and feed rate of the coal particles on the flame

structure were assessed by comparing the series of numerical results in Cases

2–4. Fig. 11 shows the instantaneous distributions of the gas temperature in395

these cases. Although the feed rate of coal is the same between Cases 2 and

4, the inlet velocity (or strain rate) in Case 2 is twice as large as that in Case

4. Because of this difference, the residence time of the coal particles in Case 2

is shorter than that in Case 4. The high-temperature region becomes narrower

in Case 4 because the flame temperature decreased due to the fuel rich condi-400

tions and local quenching effects due to the heat transfer between the gas and

dispersed phases. In addition, the decrease in the strain rate moderated the

temperature elevation on the upper side and significantly extended the ignition

delay of the coal particles. This extended ignition delay in Case 4 is quite in-

teresting because the residence time of the coal particles from the inlet to the405

high-temperature region should be longer than that in Case 2. As the feed rate

of the coal increases, the high-temperature region becomes thinner, as can be
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seen by comparing Cases 3 and 4, because the increased momentum with in-

creasing feed rate pushed the high-temperature region further downstream.

Fig. 12 shows the axial distributions of the mixture fraction and gas temper-410

ature in the respective cases. From the upper port at y = 20 mm, the mixture

fraction linearly increases because the coal particles were supplied with a tem-

perature of 600 K. The release rate of volatile matter, which corresponds to

the gradient of the mixture fraction, increases as the coal/air ratio increases. In

Case 2, the gentle peak of the mixture fraction is located near the stoichiometric415

mixture fraction of the volatile gas flame; therefore, the high-temperature region

is broader than in the other cases, as shown in Fig. 12(b). Focusing on the gas

temperature distribution upstream in front of the peaks, it can be seen that the

temperature locally decreases in Case 3 and is slightly lower than that in Case

4. The effect of local quenching associated with heating and devolatilization420

process becomes larger as the feed rate of the coal particles increases, resulting

in a temperature decrease and thinner flame.

(a) Case 2 (coal/air = 0.115) (b) Case 3 (coal/air = 0.46) (c) Case 4 (coal/air = 0.23)

Fig 11. Instantaneous gas temperature distributions with detailed chemistry

in (a) Case 2 (coal/air = 0.115), (b) Case 3 (coal/air = 0.46), and (c) Case 4

(coal/air = 0.23) at an elapsed time of 0.05 s.
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Fig 12. Axial distributions of the (a) instantaneous mixture fraction and (b)

gas temperature in Cases 2–4 at an elapsed time of 0.05 s. The horizontal dashed

line in the mixture fraction profile denotes the stoichiometric mixture fraction

of the volatile gas flame.

Fig. 13 shows the instantaneous distributions of the FI in the respective

cases. There are regions in which the FI is positive and negative irrespective

of the calculation conditions in this study, which means that the premixed and425

nonpremixed combustion modes coexisted in the flame. Premixed combustion

should occur in a wider region in Case 4 than in Case 2 because the concentration

of volatile gas is higher and a longer distance is required for volatile gas com-

bustion. The intervals of regions with positive and negative FIs become smaller

in Case 4. In Case 2, the volatile matter reacted with oxygen in the carrier gas430

and the combustion was completed before the stagnation plane; therefore, there

is a certain distance before the combustion of the char off-gas begins. On the

other hand, the residence time of the coal particles is longer in Case 4 than in

Case 2, resulting in the sudden evolution of a large amount of volatile matter at

once. Unburnt fuel or char off-gas generated in a late stage was transported to435

the stagnation plane and reacted with oxygen supplied from the opposite side.

In this case, the combustion mode became nonpremixed because the fuel and

oxidant evolved in the opposite direction.
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(a) Case 2 (coal/air = 0.115) (b) Case 3 (coal/air = 0.46) (c) Case 4 (coal/air = 0.23)

Fig 13. Instantaneous distribution of FI with detailed chemistry in (a) Case

2 (coal/air = 0.115), (b) Case 3 (coal/air = 0.46), and (c) Case 4 (coal/air =

0.23) at an elapsed time of 0.05 s.

Fig. 14 compares the scatter plots of gas temperature and FI in Cases

2–4. All of the scatter plots show similar shapes irrespective of the calculation440

conditions in this study, indicating that the combustion progresses in the di-

rection of right-handed rotation of the scatter plots, as shown in Fig. 10(a).

However, there are some differences; for example, the gas temperature in Case

4 does not increase during the devolatilization process, which corresponds to

the lower branch, but it does increase slightly in Cases 2 and 3, because the445

amount of energy consumed by the dispersed phase increased with increasing

coal/air ratio. Another difference is evident in the scatter plots of the FI. Both

the premixed and nonpremixed combustion regions move to the fuel side, and

the peak becomes wider with increasing coal/air ratio. Notably, the order of

magnitude of the width of the combustion region seems to differ from that in450

Fig. 13 because the width was stretched and displayed in the mixture fraction

space.
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(a) gas temperature (b) FI

Fig 14. Scatter plots of (a) gas temperature and (b) FI as functions of the

mixture fraction in Cases 2–4. The plots were extracted from the instantaneous

distribution at an elapsed time of 0.05 s.

The above analyses are briefly summarized in this paragraph. The volatile

combustion and char off-gas combustion exhibited different combustion modes,

i.e., premixed or nonpremixed. As this unique character was not observed in the455

volatile flame, the following section also addresses whether the FPV model can

represent two-stage combustion. In terms of multi-phase combustion, the effect

of local quenching on the gas phase is not small, especially in the non-reacting

zone, e.g., the high-temperature zone in Case 2 and the devolatilization process

in Case 4. This finding suggests that the enthalpy defect implemented in the460

look-up tables significantly impacts the prediction accuracy in the FPV model

in pulverized coal combustion.

4.4. Comparison of the numerical solutions obtained using detailed chemistry

and the FPV model

The comparison of the numerical solutions obtained using detailed chemistry465

to the results of the FPV model validated the applicability of the FPV model

to pulverized coal combustion. The validation was separated into a priori and

a posteriori tests in this study. The detailed procedure of each validation test
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is provided in Fig. 15. In the a priori test, the representative variables, which

were used when the thermochemical quantities were retrieved from the look-up470

tables, were obtained from the transport equation of each chemical species in the

detailed chemistry; thus, the prediction accuracy of the look-up tables was eval-

uated in this test. Note that it was necessary to determine the mixture fractions

of volatile matter and char off-gas to identify the fuel gas resources, namely, de-

volatilization or char combustion. In contrast, the representative variables were475

directly obtained from the transport equation itself in the a posteriori test. The

overall concept of this approach including the accuracy of the look-up tables was

comprehensively assessed in this test. To identify the numerical results obtained

using the two types of FPV models, the models are designated as the ”a priori

FPV model” and ”a posteriori FPV model” in a later section of this paper.480

(1) a priori  test

Detailed chemistry
(+Transport equations 
of Zvol and Zchar)

Detailed chemistry
Thermal or chemical 
variables (Yk, T, etc.)

Thermal or chemical 
variables (Yk, T, etc.)

Look-up table
f (Z, Z2, Ypv, h)

Z, Z2, Ypv, h

(2) a posteriori  test

Transport equations 
- Zvol and Zchar

- Ypv and h

Detailed chemistry
Thermal or chemical 
variables (Yk, T, etc.)

Thermal or chemical 
variables (Yk, T, etc.)

Look-up table
f (Z, Z2, Ypv, h)

Z, Z2, Ypv, h

compare

compare

Fig 15. Schematic of a priori and a posteriori tests.

4.5. Evaluation of the look-up table by a priori test

Fig. 16 shows the distributions of the chemical species and gas temperature

predicted by the detailed chemistry and a priori FPV model along the central

axis in Case 2. The mass fraction of CH4 gradually increases downstream from

y = 20 mm, where the pulverized coal was injected, and suddenly decreases at y485

= 12.5 mm. As the mass fraction of O2 also decreases at this point, the sudden
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changes in CH4 and O2 indicate that volatile combustion started there. The

small peak slightly downstream should be attributable to the coal particles for

which devolatilization was not completed. The mass fraction of CO2 decreases

at y = 10 mm, although that of H2O remains constant. Given that the mass490

fraction O2 is almost zero at y = 10 mm, fuel combustion should not occur

at y = 10 mm in the domain. This estimation is consistent with the bimodal

distribution of mass fraction of OH across the high-temperature region.
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Fig 16. Comparison of the axial profiles of the mass fractions of (a) CH4 and

O2, (b) H2O and CO2, and (c) H2, CO and OH and (d) the gas temperature

between the a priori FPV model and detailed chemistry in Case 2 at an elapsed

time of 0.05 s. The axial position represented along the horizontal axis is the

distance from the lower of the computational domain.
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4.6. Evaluation of the FPV model in pulverized coal combustion by a posteriori

test495

Fig. 17　 shows the distributions of the chemical species and gas temper-

ature predicted by the detailed chemistry and a posteriori FPV model along

the central axis in Case 2. Although the prediction accuracy of the a posteriori

FPV model is slightly inferior to that of the a priori FPV model, the results of

the a posteriori FPV model exhibit the same overall tendencies as the detailed500

chemistry results. Comparison of the temperature near y = 10 mm between

the detailed chemistry and a posteriori FPV model highlights the larger local

quenching effects in the a posteriori FPV model. Given that the results of

the a priori FPV model deviate less than the a posteriori FPV model results

from the detailed chemistry, the quantitative discrepancies in the a posteriori505

FPV model are attributable to the difference of the progress variable (specifi-

cally, the production rate of the progress variable), which can be obtained from

the summation of the chemical products or look-up tables. To confirm this

inference, the distributions of the representative variables are shown in Fig.

18. The production rate of the progress variable is definitely overestimated in510

the a posteriori FPV model, and the mass fraction of the progress variable is

slightly larger than that in the detailed chemistry. As the look-up tables were

constructed from the steady-state flamelet, thermochemical quantities with the

conditions of the burnt state were provided in the gas phase, resulting in in-

creased generation of the progress variables. Note that these characteristics of515

the FPV model have been reported previously [11, 23, 61]. This effect should

be related to the departure of the enthalpy from that in the detailed chemistry.

The enthalpy level in the a posteriori FPV model gradually decreases, while it

is almost constant in the detailed chemistry. The earlier decrease in enthalpy

indicates earlier devolatilization in the a posteriori FPV model, resulting in a520

relatively large difference in enthalpy near y = 0 mm. However, the a posteriori

FPV model captures the overall tendencies of the detailed chemistry well.
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Fig 17. Comparison of the axial profiles of the mass fractions of (a) CH4 and

O2, (b) H2O and CO2, and (c) H2, CO and OH and (d) the gas temperature

between the a posteriori FPV model and detailed chemistry in Case 2 at an

elapsed time of 0.05 s.
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Fig 18. Axial distributions of the (a) mixture fraction and progress variable,

(b) production rate of progress variable, and (c) enthalpy calculated using the

a posteriori FPV model and detailed chemistry along the center line in Case 2

at an elapsed time of 0.05 s.

Fig. 19 shows scatter plots of the gas temperature as a function of the

mixture fraction in Case 2 generated using the a posteriori FPV model. Al-

though the shapes of the scatter plots are almost the same as those obtained525

using the detailed chemistry during devolatilization (see Fig. 10), which cor-

responds to the branch with Z2 = 0, the last halves move further toward the

fuel-rich side. As this shift increases with increasing Z2, the departure of these

results from the detailed chemistry results should be attributable to excessive

char combustion progress in the a posteriori FPV model. In terms of the FI530
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during devolatilization and char combustion, positive and negative values, re-

spectively, are observable. Thus, the a posteriori FPV model can describe the

combustion modes of both volatile and char off-gas flame. However, the FI

also became negative during devolatilization, which was not observed in the

scatter plots obtained using the detailed chemistry. To clarify the cause of this535

behavior, Fig. 20 shows the axial distributions of the mass fractions of fuel and

oxidant gas calculated using the a posteriori FPV model and detailed chemistry.

Focusing on the ignition points of the volatile gas at y = 12.5 mm, the mass

fraction of fuel begins to decrease at the location at which the mass fraction of

O2 also begin to decrease, resulting in the positive FI in the detailed chemistry540

results. On the other hand, in the a posteriori FPV model, the decrease in the

mass fraction of fuel is slightly late and the region in which the mass fraction

of fuel continues to increase overlaps with the combustion region. In this case,

the direction of the fuel gradient is opposite to that of O2 and the FI becomes

negative. In summary, excessive devolatilization and char combustion progress545

caused the results of this model to differ somewhat from those of the detailed

chemistry.
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fraction in Case 2 obtained using the a posteriori FPV model and colored ac-

cording to (a) Z2 and (b) FI. The plots were extracted from the steady-state

distribution.
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Fig 20. Axial distributions of the mass fractions of fuel and oxidant gas calcu-

lated using the a posteriori FPV model and detailed chemistry along the center

line in Case 2 at an elapsed time of 0.05 s.

The a posteriori FPV model was also verified in the other cases. Figs.

21 and 22 show the distributions of the mass fractions of CH4 and O2 and the

gas temperature in Cases 3 and 4, respectively. The a posteriori FPV model550

reproduced all of the detailed chemistry distributions irrespective of the coal/air
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ratio. However, in Case 3, the a posteriori FPV model struggled to predict the

combustion behavior and the accuracy seems to decrease. For example, the

volatile matter release rates are less than those in the detailed chemistry results

and the increase in the mass fraction of O2 after the combustion process occurs555

slightly earlier. This earlier end of the chemical reaction influences the gas

temperature derived using the a posteriori FPV model, which is lower than that

obtained from the detailed chemistry at the lower side of the chemical reaction

zone. As shown in Fig. 12(a), the chemical reactions in Case 3 occur in fuel-rich

conditions farther from the stoichiometric mixture, and the progress variable560

in this study may not be appropriate for describing the progress of chemical

reactions. Consequently, the applicability of the FPV model to pulverized coal

combustion can be confirmed and the accuracy of the numerical simulations is

expected to be improved by implementing the FPV model in CFD simulations

for pulverized coal combustion.565
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Fig 21. Comparison of the instantaneous profiles of the (a) mass fractions of

CH4 and O2 and (b) gas temperature between the a posteriori FPV model and

detailed chemistry in Case 3 at an elapsed time of 0.05 s.

46



 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0  5  10  15  20

Y
C

H
4
 a

n
d
 Y

O
2
 [
-]

Axial position, y [mm]

DC YCH4

DC YO2

FPV YCH4

FPV YO2

(a) CH4 and O2

 600

 1000

 1400

 1800

 2200

 2600

 0  5  10  15  20

T
e
m

p
e
ra

tu
re

, 
T

 [
K

]

Axial position, y [mm]

DC T FPV T

(b) gas temperature

Fig 22. Comparison of the instantaneous profiles of the (a) mass fractions of

CH4 and O2 and (b) gas temperature between the a posteriori FPV model and

detailed chemistry in Case 4 at an elapsed time of 0.05 s.

5. Conclusions

In this study, the structures of the counter-flow diffusion flames of pulver-

ized coals were numerically assessed and the FPV model was validated using

the detailed chemistry solution. The look-up tables were constructed based

on the two mixture fraction approach described by Rieth et al. [14], and a570

data set for the additional dimension of enthalpy was prepared by changing the

boundary temperature in the one-dimensional calculations. In the present com-

putational domain, a two-stage combustion process was observed, including the

combustion of volatile matter and career gas, which showed the premixed com-

bustion mode, and the combustion of unburnt volatile matter and char off-gas,575

which showed the nonpremixed combustion mode. Interestingly, the premixed

region approached the nonpremixed region when the inlet velocity was reduced

because of the higher fuel concentration and local quenching by heat transfer

between the gas and solid phases. By conducting an a priori test, the validity

of the constructed look-up tables was corroborated because the a priori FPV580

model reproduced the numerical solution obtained using the detailed chemistry.
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Although the a posteriori FPV model also captured the overall trend of the nu-

merical solution in the detailed chemistry, a slight deviation was observed in the

ignition process. The decrease in prediction accuracy was expressed by the over-

predicted progress variable because nearly all of the thermochemical quantities585

were retrieved from the look-up table, which was constructed by steady-state

flamelet calculation. Consequently, although the present extended FPV model

for pulverized coal combustion has room for further improvement to capture the

ignition process, the applicability was sufficiently confirmed by the validation

tests at various coal/air ratios.590
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Appendix

A.1. Effects of the reaction mechanism on the numerical results obtained using595

detailed chemistry

Fig. A.1 shows the instantaneous gas temperature distributions correspond-

ing to different reaction mechanisms. The two temperature distributions are

qualitatively similar. To evaluate the difference between the reaction mech-

anism quantitatively, axial profiles of CH4, O2, and the gas temperature are600

displayed in Fig. A.2. There is no significant difference between the two types

of reaction mechanisms. Therefore, the knowledge obtained from DRM 22 in

this study should be reliable, even though the number of chemical species and

reactions included in the detailed chemistry is relatively small compared with

that for the other reaction mechanism.605
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Fig A.1. Instantaneous distributions of the gas temperature with (a) DRM 22

[20] and (b) GRI-mech 3.0 [22] reaction mechanisms at an elapsed time of 0.05

s.
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Fig A.2. Axial profiles of (a) major species and (b) gas temperature with

different reaction mechanisms at an elapsed time of 0.05 s.

A.2. Effects of the number of computational cells on the numerical results

Fig. A.3 shows the instantaneous gas temperature distributions with dif-

ferent mesh resolutions. The gas temperature distribution in the domain with

200×200 cells is almost the same as that in the domain with 300×300 cells. No

significant difference is observable even in the axial profiles of CH4, O2, and the610
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gas temperature, as shown in Fig. A.4. This finding indicates that the present

simulation was performed with a sufficient number of computational cells.
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Fig A.3. Instantaneous gas temperature distributions with (a) 200× 200 and

(b) 300× 300 cells at an elapsed time of 0.05 s.
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