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Abstract Concerning the global warming due to large
CO2 emission, the efficient use of coal becomes important
for getting sustainable energy production. Coal gasification under CO2-rich condition is expected to be an effective way to produce a concentrated and pressurized
carbon dioxide stream, resulting in reduction in separation
energy of CO2 for CCS. Moreover, the soot formation,
which is of significant environmental concern, is still
being neglected in the past studies of coal gasification. A
one-step soot formation reaction mechanism is proposed
in this study and implemented in numerical simulations of
coal gasification with the aim of describing the gasification behaviors in a two-stage entrained-flow gasifier. In
addition, the effects of O2 ratio and CO2 concentration on
soot concentration, syngas heating value and carbon
conversion are numerically studied in an effort to increase
the syngas production. The Eulerian–Lagrangian approach
is applied to solve the Navier–Stokes equation and the
particle dynamics. Finite rate/eddy dissipation model is
used to calculate the rate of nine homogeneous gas-to-gas
phase reactions including soot formation and soot oxidation. While only finite rate is used for the heterogeneous
solid-to-gas phase reactions. It is found that formation of
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soot enhances the H2 production in the gasifier. Carbon
conversion gradually increases with an increase in O2
ratio, while producing a low heating value syngas beyond
a certain limit of O2 ratio. In contrast, an increase in CO2
concentration in the gasifier increases heating value of
product syngas.
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List of symbols
a
Absorption co-efficient (m-1)
ap
Equivalent absorption co-efficient (m-1)
A
Surface area (m2)
Af
Pre-exponential factor (kg/m2 s Pa), (s-1)
AR
Magnussen constant for reactants (–)
BP
Magnussen constant for products (–)
cp
Specific heat of gas (J/kg K)
CP
Specific heat of coal particle (J/kg K)
d
Diameter (m)
Dk
Diffusion co-efficient in kth reaction (m2/s)
E
Energy (J)
Ep
Equivalent emission of coal particles (W/m3)
fp
Particle scattering factor (–)
fw
Fraction of water present in coal particles (–)
fh
Fraction of heat absorbed by coal particles (–)
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Gravitational acceleration (m/s2)
h
Heat transfer co-efficient (W/m2 K)
H
Enthalpy (J/kg)
Hcomb
Height of combustor (m)
I
Number of species (–)
Irad
Radiation intensity (W/m2)
It
Turbulent intensity (–)
Ji
Mass flux of species i (kg/m2 s)
k
Turbulent kinetic energy (m2/s2)
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Reaction rate constant (unit vary)
Number of reactions (–)
Latent heat of water present in coal (J/kg-coal)
Mass (kg)
Mass of coal particle (kg)
Molecular weight of species i (kg/kmol)
Order of reaction (–)
Pressure (Pa)
Position vector (m)
Universal gas constant (8.314 9 103) (J/kmol K)
Source of chemical species i due to reaction (kg/
m3 s)
Rate of production (Arrhenius) of species i in kth
reaction (kmol/m3 s)
Rate of production (Eddy dissipation) of reactant
i in kth reaction (kmol/m3 s)
Rate of production (Eddy dissipation) of product
i in kth reaction (kmol/m3 s)
Rate of particle surface species depletion in kth
reaction (kg/s)
Rate of particle surface species reaction per unit
area in kth reaction (kg/m2 s)
Reynolds number based on the particle diameter
(–)
Path length (m)
Direction vector (m)
Rate of mass added from coal particle (kg/m2 s)
Source of heat due to reaction (W/m2 s)
Time (s)
Temperature (K)
Velocity magnitude (m/s)
Velocity vector (m/s)
Mean velocity component
Fluctuating velocity component
Volume (m3)
Molar concentration of species i (kmol/m3)
Distance (–)
Mass fraction of species i (–)
Height of reactor (m)
letters
Yield parameter for first step devolatilization (–)
Yield parameter for second step devolatilization (–)
Turbulent dissipation rate (m2/s3)
Emissivity of coal particle (–)
Rate exponent for reactants, products (–)
Stoichiometric co-efficient for reactants, products (–)
Radiation temperature (K)
Dynamic viscosity (Pa s)
Turbulent viscosity (Pa s)
Density (kg/m3)
Stefan–Boltzmann constant (5.669 9 10-8)
(W/m2 K4)
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rs
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X

Turbulent Prandtl number for k (–)
Turbulent Prandtl number for e (–)
Scattering co-efficient (m-1)
Equivalent particle scattering factor (m-1)
Solid angle (°)

Subscripts
a
Ash
ac
Activation
b
Backward
f
Forward
i
Species
h
Heat
m
Mass
P
Product species
p
Particles
R
Reactant species
rad Radiation
t
Turbulent
0
Initial stage

Introduction
Global energy consumption in 2030 is predicted to increase 1.4 times than that in 2007, where about half of the
increase will be contributed by Asia. It is also predicted
that remaining years of exploitable global energy resources in sequences are: coal (122 years), uranium
(100 years), natural gas (60 years) and oil (42 years) [1].
Because of more exploitable coal resource compared to
other resources, it is expected that coal will continue to
play a significant role in meeting the future energy demand. However, due to use of fossil fuel mainly coal to
generate power, large amounts of CO2 is discharged from
conventional coal fired power plant, which is deemed as
one of the major causes of global warming. Although
technologies for employing renewable energy such as
solar, wind, ocean, hydro, and biomass have been developed, the advantage of utilizing fossil fuels (mainly coal)
for providing the most affordable electrical energy cannot
be replaced overnight by any other technologies today [2].
However, clean coal technologies need to be implemented
in the power sector in an effort to meet the environmental
targets.
The clean coal technology field is moving in the direction of coal gasification with a second stage so as to produce a concentrated and pressurized carbon dioxide stream
followed by carbon sequestration, including the capture
and storage of carbon dioxides. However, CO2 concentration in the conventional coal–air combustion flue gas is too
low for carbon sequestration to be considered economically
feasible. Recycling CO2 in coal gasification process with
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the addition of oxygen will further increase CO2 concentration in the flue gas. Flue gases with CO2 concentration
higher than 90 % can also be economically used for deep
sea CO2 storage and enhanced oil recovery [3]. This
technology has the potential to provide what may be called
‘‘zero emissions’’—in reality, extremely low emissions of
the conventional coal pollutants, and as low-as-engineered
carbon dioxide emissions. This has come about as a result
of the realization that efficiency improvements, together
with the use of natural gas and renewable such as wind will
not provide the deep cuts in greenhouse gas emissions
necessary to meet future national targets.
There are only few studies on coal gasification in twostage entrained-flow gasifier found in World Wide Web.
Moreover, no study on coal gasification under CO2-rich
condition in two-stage entrained-flow gasifier is found.
Chen et al. [4, 5] performed a series of numerical simulations under various operating conditions for a two-stage air
blown entrained-flow gasifier. It was reported that increasing air ratio leads to increased CO2 and decreased CO
and H2 concentrations, and accordingly, had a strong effect
on the heating value of the product gas. The effect of
air/coal partitioning to the two stages, and the feed rate of
recycle char was found to be limited. Silaen et al. [6]
conducted numerical simulation of coal gasification process inside a two-stage entrained-flow coal gasifier. They
reported that smaller particles produced more CO and less
CO2 which result in an increased syngas heating value.
Luan et al. [2] studied the simulation of the coal combustion and gasification processes in a two-stage entrainedflow gasifier using the finite rate model for heterogeneous
reactions. They reported that the increased O2/coal ratio
leads to higher exit temperature and CO2 concentration, but
lower CO concentration, resulting in a decrease of syngas
heating value. However, the soot formation, which is of
significant environmental concern, is still being neglected
in the past studies of coal gasification [2, 4–6]. Soot formation has been observed in many pulverized coal utilization processes, including coal gasification and
combustion. The formation of soot during coal gasification
causes substantial heat losses due to radiative heat transfer.
Therefore, an understanding of soot formation and its
mechanism is necessary for the better design of coal
gasification systems.
The main objectives of this study are to conduct numerical simulation including one-step soot formation
mechanism in coal gasification and to discuss the effect of
soot formation on the outcome of the simulation. In addition, a number of numerical simulations under O2-rich and
CO2-rich gasification condition are carried out in an effort
to increase the syngas production. The numerical results
obtained from this study are considered to be an important
step towards better designs of gasifiers.
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Fig. 1 Schematic of computational model adopted from CRIEPI [7]

Numerical methods
Computational domain
The coal gasifier (Fig. 1) considered here consists of a
combustor stage and a reductor stage. Coal and char are
injected into the combustor stage with O2-rich gas mixtures. The gasifier has two levels of injectors that are positioned axisymmetrically at combustor and reductor stage.
The combustor injectors are placed similar to a tangential
firing system to create swirling flow inside the gasifier. The
reductor injectors are directed towards the center of the
gasifier. The diameter of the coal/char inlet zone is
\10 mm which is very small compared to the height of the
gasifier (4.94 m). Thus, we make the mesh with various
size ranges, from 2 to 10 mm. Moreover, making a uniform
mesh with 2 mm size will significantly increase the computational time. A three-dimensional mesh consisting of
247,818 computational cells is used with the small cell size
being around 2 mm and the largest one around 10 mm. The
near wall y? value is 250, which is appropriate
(30 [ y? [ 300) to apply the standard wall functions in the
standard k–e turbulence model.
Soot formation
Soot formation in coal gasification is a very complicated
process. This is due to the fact that the molecules of coal
volatiles, particularly polycyclic aromatic hydrocarbons
(PAHs), are much larger and more chemically diverse than
those of simple hydrocarbon fuels. There are several soot
models that have been proposed during the recent decades.
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Some of the most important empirical models are Khan and
Greeves model [8], Tesner model [9] and Lindstedt model
[10]. There are also some detailed models that take complex
physical phenomena and detailed chemistry into account.
One of the most comprehensive detailed models is that
proposed by Frenklach [11]. A detailed kinetic model describing the formation and consumption of PAHs and soot
in hydrocarbon combustion has also been developed by
Richter et al. [12]. Although the detailed models have undergone remarkable development recently, these models are
still computationally demanding and cannot be used for
complex geometries. In our previous work [13], we investigated soot formation model in a plug flow reactor (PFR)
and reported that the following two reactions are typically
considered to be the main reaction path in soot formation:
(a) particle nucleation—PAH of increasing size are mainly
formed by sequence of chemical reactions between PAH
and their radicals, and between PAH radicals. This process
is repeated producing large PAHs that form soot particles
[12, 13] and (b) soot/PAH oxidation—reaction of soot/PAH
with oxygen/hydroxyl radicals that depletes PAH/soot [13].
Corresponding to these concepts, a one-step soot formation
mechanism is proposed in the present study to investigate
the effect of soot formation on product gas concentration
and gas temperature in coal gasification. A schematic of
soot formation mechanism is shown in Fig. 2. In the onestep soot formation mechanism, an aromatic hydrocarbon
molecule benzene (C6H6) or naphthalene (C10H8) or
phenanthrene (C14H10) or pyrene (C16H10) is considered as
a precursor of soot formation. Before introducing the soot
mechanism, the calculated results obtained using one-step
soot formation mechanism are compared with those obtained using detailed soot formation mechanism under
various gasification conditions [13].
Governing equations
For the fluid phase, the steady-state Reynolds Averaged
Navier–Stokes (RANS) equations as well as the mass and

Products
+ O/OH

+ O/OH
+ O/OH
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+ O/OH
- H/H 2
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Detailed soot formation mechanism
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Fig. 2 Schematic of soot formation mechanism

123

+ O2

Soot

energy conservation equations are solved for two-stage
entrained-flow coal gasifier shown in Fig. 1. The governing
equations for the conservation of mass, momentum, energy
and species in 3D Cartesian coordinates are given as
follows:
~Þ ¼ Sm
Continuity: r  ðqv

ð1Þ

 
~þ ~
~v
~Þ ¼ rp þ r  s þ qg
F
Momentum: r  ðqv
!
X
Hi Ji þ Irad
Energy: r  ð~
vðqE þ pÞÞ ¼ r 

ð2Þ

i

þ Sh;reac
~Yi Þ ¼ r  ~
J i þ Ri þ S i
Species: r  ðqv

ð3Þ
ð4Þ

Turbulent flows are characterized by fluctuating velocity
fields. Turbulence models seek to solve a modified set of
transport equations by introducing averaged and fluctuating
components. In Reynolds averaging, the solution variables
in the instantaneous Navier–Stokes equations are decomposed into the mean (time-averaged) and fluctuating components. For the velocity component:
ui ¼ ui þ u0i ;

ð5Þ

where ui and u0i are the mean and fluctuating velocity
components (i = 1, 2, 3). A standard k–e model [14–16] is
used to solve the turbulence. The turbulence kinetic energy,
k, and its rate of dissipation, e, are obtained from the following transport equations:

 
o
o
l ok
ðqkui Þ ¼
lþ t
ð6Þ
þ Gk  qe;
oxi
oxj
rk oxj

 
o
o
l oe
e
e2
ðqeui Þ ¼
lþ t
þ C1e Gk  C2e q ; ð7Þ
oxi
oxj
k
re oxj
k
where Gk represents the generation of turbulence kinetic
energy related to the mean velocity gradient, and lt is the
turbulent viscosity. The turbulent model constants are
C1e = 1.44, C2e = 1.92, Cl = 0.09, rk = 1.0, and
re = 1.3 [15, 16].
The discrete ordinates (DO) radiation model is used to
solve the radiative heat transfer equation. The DO radiation
model considers the radiative transfer equation as:


dIrad ð~;
r~
sÞ
rT 4
¼  a þ ap þ rp Irad ð~;
r~
sÞ þ Ep þ a/2
ds
p
Z
rs 4p
0
0
þ
Irad ð~;
r~
s ÞUð~
s ~
s ÞdX:
ð8Þ
4p 0
In discrete phase modeling, pulverized coal particles are
injected into the gasifier and tracked throughout the computational domain using a Lagrangian approach. The continuity and momentum of particles are expressed as follows:
dmp
_
¼ m;
dt

ð9Þ
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gðqp  qÞ
dup
¼ FD ðu  up Þ þ
:
dt
qp

ð10Þ
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ðRÞ
dissipation: R^i;k

¼

m0i;k Mi AR q

e

YR
min 0
k R mR;k MR

FD(u–up) is the drag force per unit particle mass and FD is
determined from
FD ¼

ðPÞ

18l CD Red
:
qp dp2 24

ð11Þ

e
k

ð16Þ
!

P
YP
:
PN P 00
j mj;k Mj

ð17Þ

Red is the relative Reynolds number based on the particle
diameter and relative velocity.
The change of particle temperature during devolatilization is determined from the energy balance of particles
governed by convective, latent heat and radiative heat
transfer as follows [17, 18].
mp Cp

Eddy dissipation: R^i;k ¼ m0i;k Mi AR BP q

!



dTp
dmp
¼ hAp ðT  Tp Þ þ
L þ Ap ep r h4R  Tp4 :
dt
dt

ð12Þ

After the volatile species of the coal particle has evolved
completely, char–O2, char–CO2 and char–H2O surface reactions begin. During surface reaction, the following heat
balance equation is used:


dTp
dmp
mp Cp
¼ hAp ðT  Tp Þ  fh
DH
dt
dt

ð13Þ
þ Ap ep r h4R  Tp4 :

The burning rate of the carbon in coal particle is calculated using the finite rate model proposed by Smith [6,
23, 24]. The rates of depletion of carbon due to surface
reactions (R10–R12 shown in Table 1) are given as:
Rk ¼ Ap gk Ycarbon R~k ;

Nk
R~k
~
Rk ¼ kkin;k pi;k 
:
Dk

ð18Þ
ð19Þ

The kinetic reaction rate kkin follows an Arrhenius expression as:
kkin ¼ Af expðEac =RTp Þ ;

ð20Þ

and the values of the kinetic parameters that are used to
determine kkin for all reactions are also shown in Table 1.
Boundary conditions

Reaction models
When the temperature of the coal particles reaches the
vaporization temperature (600 K), chemical reactions
occur producing various amounts of gases, tar, and coke.
The tar and gases are usually referred as volatiles. The
volatiles are released according to Kobayashi model [19].
This model assumes two kinetic rates, kkin,1 and kkin,2,
which may control the devolatilization over different
temperature ranges, and yields an expression for the devolatilization as:
Z t
mp ðtÞ
¼
ða1 kkin;1 þ a2 kkin;2 Þ
ð1  fw;0 Þmp;0  mash
0
 Z t

ðkkin;1 þ kkin;2 Þdt dt:
ð14Þ
 exp 
0

For the gas phase reactions including soot formation
(R1–R9 shown in Table 1), the smaller of the two reaction
rates (finite rate and eddy dissipation) is used as the overall
reaction rate (R^i;k ). The finite rate and the eddy dissipation
models consider the reaction rate as follows:
ðAÞ
Finite rate: R^i;k ¼ ðv00i;k  v0i;k Þ



kkin;f ;k

I
Y
i¼1

0

½Xi 

gi;k

 kkin;b;k

I
Y

½Xi 

g00i;k

!

Uniform distributions of inlet mass flow rate and temperature
are given for all inlet boundary surfaces. The walls are assumed as stationary and smooth with no slip condition. A
constant wall heat flux is assigned for wall boundary surfaces. The boundary condition of the discrete phase at walls
is assigned as ‘‘reflect’’, which means the discrete phase
elastically rebound off once reaching the wall. At the outlet,
the discrete phase exits the computational domain.
Numerical solutions procedure
Numerical methods
ANSYS FLUENT 12.0 is used to solve the set of equations
discussed earlier. FLUENT uses a control volume-based
technique to convert a general scalar transport equation to
an algebraic equation that can be solved numerically. This
control volume technique consists of integrating the
transport equation about each control volume, yielding a
discrete equation that expresses the conservation law on a
control volume basis. General form of the discretized
equation for an arbitrary control volume is as follows [16]:
Z
I
I
Z
o
~
~
~ dA ¼ C/ r/  dA þ S/ dV;
ðq/ÞdV þ q/v
ot
V

i¼1

ð15Þ

V

ð21Þ
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Table 1 Kinetic parameters for
gas and surface phase reactions

Af (consistent unit)

Eac (J/kmol)

Reference(s)

1.05 9 108

[19]

1.67 9 108

[19]

Devolatilization Step 1: Coal ? Volatile1 ? Char1
2.00 9 105
Devolatilization Step 2: Coal ? Volatile2 ? Char2
1.30 9 107

(R1) Ca1Ha2Oa3Na4 ? b1CO ? b2CO2 ? b3H2 ? b4CH4 ? b5H2O ? b6C6H6 ? b7N2
Kkin,1

3.09 9 108

1.67 9 108

[20]

1.67 9 108

[6, 21]

8.38 9 107

[6, 21]

3

3.96 9 10

[6, 21]

1.68 9 108

[6, 21]

2.73 9 104

[6, 21]

1.26 9 108

[6, 21]

1.68 9 108

[6, 21]

4.70 9 105

[13, 22]

3.10 9 107

[23]

3.10 9 107

[23]

1.30 9 108

[4, 6, 21]

1.62 9 108

[4, 6, 21]

1.47 9 108

[4, 6, 21]

(R2) CO ? O2 ? CO2
Kkin,2

2.20 9 1012

(R3) CO ? H2O $ CO2 ? H2
Kkin,3f
Kkin,3b

2.75 9 102
-2

2.65 9 10

(R4) CH4 ? H2O $ CO ? 3H2
Kkin,4f
Kkin,4b

4.40 9 1011
-14

5.12 9 10

(R5) CH4 ? O2 ? CO ? 2H2
Kkin,5
3.00 9 108
(R6) H2 ? O2 ? H2O
Kkin,6

6.80 9 1015

(R7) 4C6H6 ? C24H12 ? 6H2
Kkin,7

1.50 9 1010

(R8) C6H6 ? 4.5O2 ? 6CO ? 3H2O
Kkin,8

2.00 9 109

(R9) C24H12 ? 15O2 ? 24CO ? 6H2O
Kkin,9

2.00 9 109

(R10) C ? O2 ? CO
Kkin,10

0.0520

(R11) C ? CO2 ? 2CO
Kkin,11

0.0732

(R12) C ? H2O ? CO ? H2
Kkin,12

0.0782

where / is scalar variable, C is diffusion co-efficient, and ~
A
is surface area vector.
Spatial discretization
Solution of Eq. (21) results in values of scalar at each
computational node. To calculate convection terms in
Eq. (21), scalar values are required at cell surfaces which
must be interpolated from cell-centroid values (nodes).
First-order upwind scheme is used for spatial discretization
of the convective terms. First-order upwind assumes the
value of the variable throughout the cell and at the face to
be the same as the centroid value.

coupling. The algorithm starts with an initial guess for
variables in the system. Momentum equations are solved
and pressure is corrected using a pressure correction
equation. In the next step, all the other transport equations
are solved and residuals are checked. If the solution is not
converged, the current results would be used as an initial
guess for the next iteration. This loop will continue until a
converged solution is obtained.
Under-relaxation factor
The following equation is used during iteration to calculate
new value of the variable in each cell based on its old
value.

Pressure–velocity coupling

/ ¼ /old þ aD/:

The discretization of the equations governing the gas phase
is solved by the SIMPLE algorithm for pressure–velocity

a is the under-relaxation factor and its value controls the
change of variables in each iteration. Due to the
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nonlinearity of the equations, it is essential to reduce the
change of variables in each time step; otherwise the solution becomes unstable and diverges.
Convergence criteria
For any transport equation, the discretized from of the
equation has the following form:
X
Znb /nb þ bp
ð23Þ
Zp /p ¼
where Zp and Znb are central and neighboring co-efficients,
respectively. Imbalance of this equation is called residual
and can be expressed as:
X
Rp ¼
Znb /nb þ bp  Zp /p
ð24Þ
This equation will be scaled based on summation of residual in all computational cells. Usually, when the scaled
residuals drop by three orders of magnitude, a qualitative
convergence has been obtained. In this study, tolerances of
pressure and velocity components are set to 1E-3, while
tolerance of gas and solid components are set to 1E-5, and
energy equation to 1E-6.
Calculation conditions
A bituminous-type CV coal (Coal Valley, Canada) is used
to conduct the simulation of coal gasification. The proximate and ultimate analyses of coal are given in Table 2.
The initial particle size distributions with a mean diameter
of 60 lm are used in the calculation. The total mass inlet
for experiment and calculation are kept same. The coal
flow rates for combustor and reductor are set to 40 and
60 kg/h, respectively. The gas flow rates are adjusted in
such a way that the inlet O2 ratio and O2 concentration

Table 2 Analyses of coal [25]
Parameters

CV coal
(Canada)

Proximate analyses (air dried)
Moisture (wt%)

6.22

Fixed carbon (wt%)

49.00

Volatile matter (wt%)

34.50

Ash (wt%)

10.28

Ultimate analyses (dry base)
C (wt%)

69.90

H (wt%)

4.30

O (wt%)

13.70

N (wt%)

1.07

High heating value (MJ/kg)

26.40

Low heating value (MJ/kg)

26.02

become 0.528 and 23 wt%, respectively. The O2 ratio is
defined here as the ratio of the amount of O2 fed into the
gasifier to the amount of O2 required for complete combustion of carbon present in coal. During devolatilization,
all hydrogen, oxygen and nitrogen are assumed to be released as volatiles. Volatiles are considered as a single
hypothetical component, Ca1Ha2Oa3Na4. The values of a1,
a2, a3 and a4 are calculated from the coal’s ultimate and
proximate analyses. Once the volatile component is released, it is converted into CO, CO2, H2O, H2, CH4, C6H6
and N2 according to reaction R1. The pyrolysis data obtained from previous experimental work [26] are used to
calculate the b values. In the calculation, all aliphatic and
aromatic compounds are lumped into CH4 and C6H6, respectively (Table 3). Chen et al. [27] explained the gas
evolution from rapid pyrolysis of a bituminous coal at
various pyrolysis temperatures (500–900 °C). It was found
that the ratio of CO to CO2 yield does not change with
increasing the pyrolysis temperature. They also showed
that the yield of higher hydrocarbon is approximately three
times higher than that of CH4, which is very near to our
previous works. Therefore, these two ratios (Yd,CO/
Yd,CO2 = 1.27 and Yd,C6H6/Yd,CH4 = 3.10) together with
three elemental (C, H, O) mass balance equations are used
to calculate the stoichiometric co-efficient (b) of product
species for reaction R1 (see Table 3). Here Yd represents
the mass yield for the corresponding species.

Results and discussion
Validation of one-step soot model
To validate the one-step soot model, a tubular-type reactor
of 0.28 m diameter and 48 m length with the inlet gas
velocity of 26.4 m/s is used to conduct the simulation.
Eight overall gas phase reactions (R2–R9 shown in
Table 1) are considered in the calculation. Benzene (C6H6),
naphthalene (C10H8), phenanthrene (C14H10) and pyrene
(C16H10) are independently considered as a precursor of
soot formation. The calculated outlet species concentration
of soot and syngas using the proposed soot model are
compared with those reported in our previous paper [13]
under various gasification conditions. The comparisons are
shown in Fig. 3. The trends in outlet species concentration
with increasing temperature are found to be similar, in
both: detailed mechanism and overall gas phase reactions
with proposed one-step soot mechanism. Soot concentration decreases with increasing the temperature while syngas concentration gradually increases. Soot formation as
well as soot oxidation tends to increase at higher temperatures, resulting in an increase in CO and H2 concentration. A detailed explanation of the effect of temperature
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- Detailed reaction mechanism with soot
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Fig. 3 Comparison of calculated outlet soot and syngas concentration between detailed reaction mechanism [13] and overall gas phase
reactions with one-step soot mechanism calculated at 2.0 MPa [open
diamond is for benzene (C6H6), open circle is for naphthalene
(C10H8), open triangle is for phenanthrene (C14H10) and multiply
symbol is for pyrene (C16H10)]

on soot and syngas concentration can also be found in
Wijayanta et al. [13]. In addition, very similar results are
obtained for various soot precursors (benzene, naphthalene,
phenanthrene and pyrene) considered in the calculation. As
increasing the molecular weight of species significantly
increases the computational time, benzene is chosen as a
soot precursor in the simulation of coal gasification in the
two-stage entrained-flow gasifier shown in Fig. 1.
Comparisons of species concentration
and temperature profile
The comparison for two conditions of without soot and
with soot shown in Fig. 4a indicates that there is a small
change in outlet species concentration. An increase in H2
concentration under soot formation condition suggests that
the concentration of H2 will be increased if the soot formation advances in the gasifier. This means that the formation of soot can increase the syngas heating value in this
regard, despite having diverse effect of soot. Figure 4a also
shows a comparison of outlet species concentration between experiment and calculation. Details of the experimental procedure and condition are described by
Kidoguchi et al. [25]. A quite good agreement is obtained
for main species CO, CO2 and H2. The agreement for the
species H2O is not good due to the lack of information of
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Table 3 Volatiles species
concentration produced from
coal pyrolysis and b values for
R1

Balanced with total N2 present in coal

40
Experiment
Calculation without soot

30

Calculation with soot

20
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0
CO

CO2

Combustor

Reductor

H2

H 2O

2700
2100
1500
900

Experiment
Calculation without soot
Calculation with soot

300
0 1 2 3 4 5 6 7 8 9 10 11

z/Hcomb [-]
Fig. 4 Comparison between experiment [from CRIEPI, 25] and
calculation: a outlet species concentrations and b gas temperature
profiles at centerline

experiment. A large deviation for H2O concentration between experiment and calculation is obtained due to the
presence of some moisture in air during experiment which
is ignored in the calculation.
The gas temperature profiles at centerline for experiment
and calculations are shown in Fig. 4b. In both, trends of gas
temperature are found to be similar for experiment and
calculations. However, calculation without soot formation
overestimates the experimental gas temperature. In contrast, calculation with soot formation provides better
agreement with the experiment. In case of soot formation,
the reaction R1 includes aromatic species C6H6 which is
considered as a soot precursor. C6H6 is then accumulated to
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produce a larger species, Coronene (C24H12), which is referred here as soot. The gas temperature for calculation
with soot decreases significantly because of reducing the
heat of reaction (R1). The gas temperature also decreases
due to the large heat capacity of aromatic species considered in the soot formation reaction mechanism.
Effect of O2 ratio
The effect of O2 ratio on soot concentration, gas temperature, carbon conversion, etc., is numerically investigated under CO2-rich gasification condition (CO2
concentration = 14 wt%). The contours of soot concentration and gas temperature under conditions of two different O2 ratios at 0.528 and 0.7 are shown in Fig. 5a. A
slight decrease in soot concentration at outlet from 1.79 to
1.73 wt% is observed if the O2 ratio increases from 0.528
to 0.7 in the gasifier. On the other hand, the gas temperature at outlet significantly increases from 1352 to
1588 K with increasing the O2 ratio. This is because under
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(a)

higher O2 ratio, exothermic char–O2 reaction tends to increase. The high gas temperature then advances the endothermic char–CO2 and char–H2O gasification reactions.
This means increased O2 ratio significantly enhances char–
O2 reaction as well char–CO2 and char–H2O reaction.
Although, char–CO2 and char–H2O reactions are endothermic, the gas temperature increases due to significant
rise in char–O2 oxidation reaction under higher O2 ratios.
An increase in char–O2, char–CO2 and char–H2O reactions
under a high O2 ratio at 0.7 results in an increase in carbon
conversion and syngas concentration. Figure 5b shows that
the carbon conversion gradually increases with increasing
the O2 ratio and reaches a complete (100 wt%) conversion
at a O2 ratio of 0.8. The soot concentration is also found to
decrease at higher O2 ratios. In contrast, syngas heating
value initially increases with increasing the O2 ratio, and
reaches a maximum value of 3800 kJ/kg with 94 wt%
carbon conversion at a O2 ratio of 0.7 (Fig. 5b). Beyond
this value (O2 ratio = 0.7) heating value decreases with
increasing O2 ratio because of shifting the environment
from gasification towards combustion. Therefore, if the
target is to get a complete conversion of carbon, a lower
heating value gas will be produced from the coal gasification. Considering the carbon conversion in real gasification process where unconverted carbon is recycled as
char and the use of more O2 where low heating value gas is
produced, the O2 ratio exceeding 0.7 is not recommended
for getting efficient coal gasification. Therefore, to improve
the gasification efficiency, the concentrations of other
gasification agents (CO2 and/or H2O) need to be increased
in coal gasification process keeping O2 ratio under 0.7.
With a target of reducing CO2 release into the atmosphere
from coal gasification, the effect of CO2 concentration on
soot concentration, syngas heating value and carbon conversion is numerically investigated in this study.

1

O2 ratio [-]

Fig. 5 Effect of O2 ratio on a contours of soot concentration and gas
temperature and b heating value, carbon conversions and soot
concentration at outlet (calculated under conditions at constant CO2
concentration of 14 wt%)

The effect CO2 concentration on soot concentration, gas
temperature, carbon conversion, etc., is numerically investigated by changing the inlet concentration of CO2 at a
constant O2 ratio (=0.528). The contours of soot concentration and gas temperature under conditions of two different CO2 concentrations at 14 and 50 wt% are shown in
Fig. 6a. No significant difference in soot concentration is
found for the two cases, although the gas temperature decreases with increasing the overall concentration of CO2.
The gas temperature decreases with increasing the CO2
concentration due to increased char–CO2 reaction rate.
Under CO2-rich concentration, endothermic reaction
(backward reaction of R3) also increases, resulting in a
decrease in gas temperature. The backward tendency of R3
on the other hand increases CO concentration and
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(C ? H2O ? CO ? H2) reactions. This results in an increase in CO concentration with a small increase in carbon
conversion. Therefore, it can be concluded that the production of syngas heating value per unit weight of carbon
conversion will be higher if CO2 concentration increases in
the gasifier.
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Fig. 6 Effect of CO2 concentration on a contours of soot concentration and gas temperature and b heating value, carbon conversions
and soot concentration at outlet (calculated under conditions at
constant O2 ratio of 0.528)

decreases H2 concentration. However, the syngas heating
value gradually increases with increase of the CO2 concentration (shown in Fig. 6b) although H2 concentration
decreases at higher CO2 concentrations. Soot concentration
and carbon conversions for various cases are also shown in
Fig. 6b. It is found that the soot concentration is nearly
independent to CO2 concentration. On the other hand, the
reductor carbon conversion gradually increases with increasing the CO2 concentration. A 15 % increase in carbon
conversion of reductor coal is obtained if the inlet concentration of CO2 is increased from 14 to 50 wt%. However, the same change in CO2 concentration gives only a
1 % increase in overall carbon conversion. This is due to
low carbon conversion of combustor coal at a high CO2
concentration (50 wt%). Interestingly, the syngas heating
value increases from 2717 to 3501 kJ/kg which corresponds to a 28 % increase in syngas heating value. This
indicates that the carbon conversion is not directly related
to the syngas heating value. Under higher CO2 concentrations, char–CO2 (C ? CO2 ? 2CO) reaction dominates
over char–O2 (C ? 1/2O2 ? CO) and char–H2O
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A one-step soot formation mechanism is proposed and
numerically validated with the detailed reaction mechanism. The proposed mechanism is used to conduct a series of
3D numerical simulation with the aim of describing the
gasification process in two-stage entrained-flow gasifier.
The calculated results with one-step soot formation reaction mechanism show a good agreement with the experimental results. It is found that formation of soot
enhances the H2 production while predicting a low gas
temperature in the gasifier. As the O2 ratio increases, soot
concentration decreases while the gasifier gas temperature
and carbon conversion increase. Beyond a certain limit of
O2 ratio at 0.7, soot concentration and syngas heating value
sharply decrease. In contrast, syngas heating value
gradually increases as the CO2 concentration increases
without affecting the soot concentration and with a small
increase in overall carbon conversion. This means that the
syngas heating value per unit weight of carbon conversion
produced from CO2-rich gasification condition will be
higher than that from the condition with lower CO2 concentrations and, therefore, coal gasification under CO2-rich
condition can be efficiently implemented in IGCC system.
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